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FOREWORD
T here has been a  need fo r  a  more d e ta i le d  u n d e rs ta n d in g  o f  th e  
n a tu re  o f  s o l id  s o lu t io n s .  For many y e a rs  th e  to o ls  f o r  th e  s tu d y  o f 
d i l u t e  s o l id  s o lu t io n s  have been l im ite d  to  m easurem ents o f  e l e c t r i c a l  
r e s id u a l  r e s i s t i v i t y ,  X -ray a n a ly s is  o f  l a t t i c e  pa ram ete r changes, 
m agnetic  s u s c e p t i b i l i t y ,  and upon o ccas io n  n u c le a r  m agnetic  reso n an ce  
d e te rm in a tio n s  o f  f i e l d  g r a d ie n ts .  T h is  s e t  o f  p a ram ete rs  l im i t s  th e  
c h a r a c te r iz a t i o n  o f  im p u rity  s c a t t e r in g  p o te n t i a l s .
T h is work d e a ls  w ith  p r o p e r t ie s  o f  th e  d i l u t e  s o l id  s o lu t io n s  o f  
go ld  a l lo y s .  In  i t  we have a ttem p ted  to  ex ten d  th e  measurement s e t  to  
in c lu d e  MOssbauer isom er s h i f t  m easurem ents and to  h o p e fu lly  ex tend  th e  
ex p erim en ta l and t h e o r e t i c a l  u n d e rs ta n d in g s  o f  th e  c h a r a c te r  o f  th e  
s c a t t e r in g  p o te n t i a l  a t  im p u rity  s i t e s  in  go ld  m e ta l .
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ABSTRACT
P r o p e r t ie s  o f  3 s -p -d ,  4 s - p - d ,  and 5 s -p -d  p e r tu r b a t io n s  in  go ld  
h av e  been  s tu d ie d  th ro u g h  m easurem ents o f  th e  r e s id u a l  e l e c t r i c a l  
r e s i s t i v i t y ,  m ag n e tic  s u s c e p t i b i l i t y  and M bssbauer iso m er s h i f t  o f  
d i l u t e  s o l id  s o lu t io n s  o f  Ca, Sc, T i ,  V, C r, Mn, Fe, Co, N i, Cu, Zn, Ga,
Ge, Ag, Cd, In , Sn and Sb w ith  g o ld . T hese a l lo y s  c o n s i s t e d  o f  one to  
f o u r  a tom ic  p e r c e n t  dep en d in g  upon th e  im p u r i ty  s o l u b i l i t y  in  g o ld . 
M easurem ents o f  th o s e  p r o p e r t i e s  have  b een  e x tr a p o la te d  t o  z e ro  a to m ic  
p e r c e n t  to  d e te rm in e  th e  in f lu e n c e  o f  s in g l e  im p u r i t ie s  upon  th e  
e l e c t r o n i c  c o n d u c tio n  band o f  g o ld . We a r e  i n t e r e s t e d  in  p r o p e r t i e s  
a t t r i b u t a b l e  d i r e c t l y  to  m e ta l l i c  e l e c t r o n s  in  t h i s  work.
The s c re e n in g  "c lo u d "  o f  e l e c t r o n s  d i s t r i b u t e d  a b o u t th e  im p u r i t i e s  
a r e  i n t e r p r e t e d  th ro u g h  a p h ase  s h i f t  a n a ly s i s  which i s  r e q u i r e d  to  be 
c o n s i s t e n t  w ith  th e  iso m er s h i f t ,  th e  e l e c t r i c a l  r e s i s t i v i t y ,  th e  
F r i e d e l  sum r u l e  f o r  c h a rg e  n e u t r a l i t y ,  and th e  sp in  a s s o c i a t e d  w ith  
t h e  im p u r i ty . The c h a r a c te r  o f  t h i s  c h a rg e  d i s t r i b u t i o n  h a s  been  
p a ra m e te r iz e d  by an I  (and som etim es s p in  a) d ependen t s q u a r e  w e ll p o te n ­
t i a l  around  th e  s o lu te  atom . The n e t  s ,  p and d c h a rg es  h av e  been  exam ined 
a s  a  f u n c t io n  o f  nom inal v a le n c e  and found  to  be ro u g h ly  c o n s i s t e n t  
w ith  ex p ec ted  e l e c t r o n i c  s t a t e s  f o r  th e  f r e e  atom o f  th e  im p u r i ty .
The m easurem ents and t h e o r e t i c a l  i n t e r p r e t a t i o n  e x te n d  
s i g n i f i c a n t l y  th e  d e te r m in a t io n  o f  t h e  c h a r a c t e r  o f  th e  s c a t t e r i n g  
p o t e n t i a l  a t  im p u r i ty  s i t e s  in  g o ld  m e ta l .
CHAPTER I
INTRODUCTION
When an im p u r ity  atom i s  d is s o lv e d  in  a h o s t  m e ta l ,  i t  can  be 
view ed a s  p re s e n t in g  a  p e r tu r b in g  p o t e n t i a l  to  an o th e rw is e  p e r f e c t l y  
p e r io d ic  p o t e n t i a l  o f  th e  h o s t  l a t t i c e .  The in f lu e n c e  o f  th e  p e r tu r b ­
ing  p o t e n t i a l  upon th e  h o s t c o n d u c tio n  band may r e s u l t  in  a r e d i s t r i ­
b u tio n  o f  e le c t r o n  c h a rg e  d e n s i t i e s  in  th e  m e ta l .  T h is  c h a rg e  
r e d i s t r i b u t i o n  may be s e e n , f o r  exam ple, in  th e  h e a t  o f  fo rm ation ,'* ' 
th e  K nigh t s h i f t , 2 , 3  t h e  s p e c i f i c  h e a t ,^  th e  m ag n e tic  s u s c e p t i b i l i t y ,  
th e  e l e c t r i c a l  r e s i s t i v i t y ,  and th e  M bssbauer iso m er s h i f t .  T hus, 
th e r e  m ust be c o r r e l a t i o n s  betw een  a l l  th e s e  q u a n t i t i e s .
B ecause go ld  may be a l lo y e d  w ith  many e lem en ts  and i s  th e  o n ly  
n o b le  m e ta l  t h a t  can be  s tu d ie d  d i r e c t l y  by M bssbauer s p e c tro s c o p y , 
we w i l l  p r e s e n t  th ro u g h  a s im p le  model th e  c o r r e l a t i o n  betw een  m easured  
isom er s h i f t s ,  r e s id u a l  e l e c t r i c a l  r e s i s t i v i t i e s ,  and m ag n etic  
s u s c e p t i b i l i t i e s  f o r  d i l u t e  g o ld  a l l o y s .
The iso m er s h i f t  i s  a  m easu re  o f  e l e c t r o n i c  c h a rg e  d e n s i t y  a t  th e  
n u c le u s ,3 *^ and may be  th o u g h t o f  a s  a r i s i n g  from  th e  i n t e r a c t i o n  
betw een a l l o y  e l e c t r o n s  and th e  M bssbauer n u c le u s .  The monopole 
Coulomb i n t e r a c t i o n  be tw een  th e  n u c le a r  c h a rg e  and th e  e l e c t r o n i c  c h a rg e  
p ro d u ces  a  change in  th e  en erg y  o f  an e x c i te d  n u c le a r  s t a t e  r e l a t i v e  to  
th e  ground  s t a t e .  For th e  ground and e x c i te d  s t a t e s  in v o lv e d  in  a  gamma 
ra y  t r a n s i t i o n ,  th e  m onopole i n t e r a c t i o n  w i l l  m od ify  th e  gamma ra y
en erg y , E , by ~  irZe2 R2p (0) [<X20> - <X2P> J .  Here <X2^> i s  th e  2pth
y *> e s
2 2 1/2reduced  r a d ia l  charge  moment, B i s  th e  r e l a t i v i s t i c  p a ram ete r ( 1 -a  2  ) 
where a  i s  th e  f in e  s t r u c tu r e  c o n s ta n t and Z i s  th e  atom ic number, g and 
e r e p re s e n t  th e  ground end e x c ite d  n u c le a r  s t a t e s  r e s p e c t iv e ly ,  p (0 } i s  
th e  av erage  n o n r e l a t i v i s t i c  e le c tro n  charge  d e n s i ty  a t  go ld  n u c le i ,  and 
R i s  nom inal n u c le a r  r a d iu s .  The re so n a n t em ission  and a b so rp tio n  o f  
th e  gamma ra y  w ith  d i f f e r e n t  p ( 0 ) a t  th e  gamma ra y  so u rce  and th e  
a b so rb e r  n u c le i  w i l l  th u s  le ad  to  an amount o f  energy  AE, th e  isom er 
s h i f t ,  which must be added to  th e  e m itted  gamma ra y  energy , E^:
AE = f  "Ze2R2 [pabsorber(0 ) -  PsourceCO)][<X2S>e - <X2B>g] . (1 -1 }
I t  w i l l  be co n v en ien t in  t h i s  work to  c o n s id e r  th e  d i f f e r e n t i a l  
isom er s h i f t  between s e v e ra l gold a l lo y s  and p u re  g o ld :
-  “ a lloy  - “ gold “ ['’a l lo y ™  '  ’ g o ld ™ ]-  ^
The e x p e r im e n ta lly  m easured q u a n t i ty  i s  th e  D oppler v e lo c i ty  v o f  th e  
so u rce  tow ard th e  a b so rb e r . The r e l a t i o n  between th e  isom er s h i f t
and th e  D oppler v e lo c i ty  i s  v = C<S^ AE.) j where C i s  th e  v e lo c i ty  o f
y
l i g h t .  Thus f o r  a measurement o f  th e  D oppler v e lo c i ty ,  one may o b ta in  
in fo rm a tio n  about th e  av erag e  e le c tro n  charge d e n s i ty  a t  go ld  n u c le i  
in  a l lo y s .  We in t e r p r e t  th e  gold  a l lo y  isom er s h i f t s  in  term s o f  a 
c o n tr ib u t io n  a r i s in g  from averag e  a l lo y  volume expansion  o r  c o n tra c ­
t io n  and a c o n tr ib u t io n  a r i s in g  from s c a t t e r in g  o f  p u re  go ld  e le c t r o n ic  
charge  from im p u r i t ie s .  The im p u rity  s c a t t e r in g  te rm , r e s u l t i n g  from 
th e  in t e r a c t io n  o f  im p u rity  atoms w ith  th e  gold e le c t r o n ic  wave fu n c­
t i o n s ,  i s  th e  most i n t e r e s t i n g  in  i t s  co n n ec tio n  to  o th e r  p h y s ic a l
3p r o p e r t ie s  s tu d ie d  h e re . Our t h e o r e t i c a l  model f o r  t h i s  s c a t t e r in g
term  i s  based  on th e  u se  o f  an im p u rity  p o te n t i a l  s im i la r  to  th o se
7 8in tro d u ce d  by M ott and by F r ie d e l .  In  th e  absence  o f  d e ta i l e d
in fo rm a tio n  about th e  p e r tu rb in g  p o te n t i a l ,  we have p a ra m e te riz e d  th e
r e s u l t s  in  te rm s o f  sq u are  w e ll p o te n t i a l s .  U sing th e  p a r t i a l  wave
a n a ly s i s ,  we have c a lc u la te d  th e  av erage  s ,  p and d ch arg e  d e n s i t i e s  a t
n e ig h b o rin g  go ld  n u c le i  in  term s o f  phase s h i f t s  o f  in c id e n t  go ld  wave
fu n c tio n s  6 due to  v a r io u s  d ep th  o f  p o te n t i a l  w e lls .Al) 0
From th e  p o in t  o f  view  o f  s c a t t e r in g  th e o ry , where an im p u rity  
atom i s  s u b s t i tu te d  fo r  an atom o f h o s t m e ta l, a  number o f  im p u rity  
e le c t r o n s  (co rre sp o n d in g  to  th o se  s h e l l s  whose atom ic e n e rg ie s  l i e  
w ith in  th e  h o s t m eta l co n d u ctio n  band) w i l l  be d e lo c a l iz e d  and go in to  
th e  h o s t  co n d u ctio n  band. C onsequen tly , th e s e  w i l l  r e s u l t  in  an
9
ex cess  charge  a t  th e  im p u rity  s i t e .  F r ie d e l has p o in te d  ou t t h a t  as 
a  r e s u l t  o f  s c a t t e r in g ,  ch arg e  w i l l  accum ulate  in  th e  v i c i n i t y  o f  th e  
im p u rity  and lo c a l ly  sc ree n  th e  im p u rity  p o t e n t i a l .  The ex cess  c h a rg e , 
Ne, must be screen ed  in  such a  manner th a t  th e  phase s h i f t s  o b ta in e d  
from th e  sc reen ed  p o te n t i a l  w i l l  s a t i s f y  F r ie d e l  sum r u l e
N - 7 I I C2» + 1)«. „cy  > CI-3)
a  SL ’
where th e  phase s h i f t s  <5„ a re  to  be e v a lu a te d  a t  Fermi le v e l  k „ .r  l t o F
I t  i s  an im p o rtan t s e l f - c o n s is te n c y  c o n d itio n  on th e  p o t e n t i a l .  We 
have chosen o n ly  th e  f i r s t  few phase s h i f t s  6  , 5^, and ^  to  s a t i s f y  
E q u a tio n  1-3 because  we do n o t expect th e  o r b i t a l  quantum number SL>3 
to  s i g n i f i c a n t l y  c o n tr ib u te  on th e  b a s is  o f  f r e e  atom c a lc u la t io n s  f o r  
th e  im p u r i t ie s  and h o s t m e ta ls  s tu d ie d  h e re . For m agnetic  a l lo y s ,
4exchange e n e rg y  and i n t r a o r b i t a l  H und 's  c o u p lin g  w i l l  f o r  some 
im p u r i t ie s  f a v o r  sp in  a lig n m e n t in  th e  1=2  s h e l l ,  and  th e  im p u r i ty  w i l l  
th e n  a c q u ir e  a  moment w ith  5_ [c o rre sp o n d in g  to  s p in  up s c a t t e r i n g )A 3 T
and 6 ,  b e in g  d i f f e r e n t .  We w i l l  ig n o re  s p i n - o r b i t a l  i n t e r a c t i o n  andZ, r
th e  sm all exchange  i n t e r a c t i o n  t h a t  may e x i s t  among th e  s o r  p  e l e c t r o n s .
The t r e a tm e n t  o f  th e  im p u r ity  p ro b lem  from  th e  p o in t  o f  v iew  o f  
s c a t t e r i n g  th e o r y  a ls o  s u g g e s ts  t h a t  th e  im p u r i t ie s  w i l l  a f f e c t  th e  
c o n d u c tio n  e l e c t r o n  mean f r e e  p a th  and th e re b y  le a d  to  a r e s id u a l  
r e s i s t i v i t y .  The r e s i s t i v i t y  1 /a  i s  g iv e n  by*^
*  
m v
2 2 a ne A ne
dvi.lCp _
F -  1 F <I>, C I-4 )
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w here n i s  th e  number o f  c a r r i e r s  p e r  u n i t  volum e, m and e a r e  t h e i r  
e f f e c t i v e  m ass and c h a rg e , A i s  th e  mean f r e e  p a th ,  v„  i s  th e  Ferm ir
v e l o c i t y ,  n^ i s  th e  number o f  im p u r i t i e s  p e r  u n i t  vo lum e, and <£> i s  
th e  e f f e c t i v e  a v e ra g e  s c a t t e r i n g  c r o s s  s e c t io n  p e r  im p u r i ty . The 
e f f e c t i v e  a v e ra g e  t r a n s p o r t  c ro s s  s e c t io n  f o r  an im p u r i ty  i s  g iv e n  a s
fir
< l>  = 2it s i n 0  2 (6 ) ( 1  - co s 6 ) d e ,  [1 -5 ]
MT
w here £ [0 )  i s  th e  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n .  The l a s t  
f a c t o r  on th e  r i g h t  hand s id e  o f  E q u a tio n  1-5 w eighs th e  s c a t t e r i n g  
p r o b a b i l i t y  to  fa v o r  fo rw ard  s c a t t e r i n g .  U sing th e  p a r t i a l  wave 
a n a ly s i s  f o r  th e  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t io n  [C h ap te r IV ) , 
we can r e w r i t e  t h e  e x p re s s io n  f o r  th e  r e s i d u a l  r e s i s t i v i t y  a l s o  in
5term s o f  phase s h i f t s .  The measurement o f  r e s id u a l  r e s i s t i v i t y  w il l  
p ro v id e  us an a d d i t io n a l  c o n s t r a in t  in v o lv in g  th e  phase s h i f t s .  However, 
ou r observed  ex p erim en ta l r e s i s t i v i t i e s  a re  s t ro n g ly  in f lu e n c e d  by th e  
in te r a c t io n  e f f e c t s  f o r  m agnetic  a l lo y s .  M easurem ents on much more 
d i l u t e  a l lo y s  a t  much low er te m p e ra tu re s  a re  needed f o r  th o se  a l lo y s  
and we have chosen to  u se  l i t e r a t u r e  v a lu e s  in  some c a s e s .
D ilu te  m agnetic a l lo y s  show a C u rie  b eh av io u r in  th e  s u s c e p t i b i l i t y  
measurem ent s , i . e . ,
A  -  5 #  = s2“ BSts + 15 /3kT- t : - 6 ’O
where x i s  th e  m agnetic s u s c e p t i b i l i t y  (emu/gm), Nq i s  th e  number o f  
atoms p e r  gram, m i s  th e  atom ic f r a c t i o n  o f  im p u r i t i e s ,  i s  th e
e f f e c t iv e  moment p e r  atom , g i s  th e  gyrom agnetic  r a t i o  (g=2 ) , y i sD
-20th e  Bohr magneton (y =0.927 x 10 e r g /g a u s s ) ,  and k i s  th e  BoltzmannD
— 1 6c o n s ta n t (k=1.38 x 10 e rg /°K ) . The sp in  o f  an im p u r ity , S, i s  
g iven  in  te rm s o f  th e  p h ase  s h i f t s  by*^
S = 6 2 ,+  - f  5 2 ,+ J - t 1 - 7 1
We a n a ly z e  m agnetic  s u s c e p t i b i l i t y  d a ta  u s in g  th e  C u rie  law , from 
which we deduce a te m p e ra tu re  dependen t e f f e c t iv e  sp in  v a lu e  o f  S.
The m agnetic  s u s c e p t i b i l i t y  m easurem ents th u s  impose a  f u r th e r  c o n s t r a in t  
on 6 and <S w ith in  th e  phase s h i f t  t r e a tm e n t .
i  a T J. j r
M easurem ents o f  th e  M bssbauer isom er s h i f t ,  r e s id u a l  e l e c t r i c a l  
r e s i s t i v i t y ,  (m agnetic s u s c e p t i b i l i t y ) ,  and F r ie d e l  sum r u le  th u s  
p ro v id e  th r e e  (fo u r)  s im u ltan eo u s  t r a n s c e n d e n ta l  e q u a tio n s  o r  c o n s t r a in t s
6from w hich th r e e  ( fo u r )  unknown p h ase  s h i f t s  can be c a l c u l a t e d .  We
have done t h i s  f o r  a l l  o f  th e  im p u r i t i e s  s tu d ie d  h e re .  For m agnetic
a l l o y s ,  we have e v a lu a te d  th e  r e s u l t s  two w ays: F i r s t ,  we e v a lu a te
o u r r e s u l t s  a t  T = 0°K by e x t r a p o la t in g  th e  r e s id u a l  r e s i s t i v i t y  on v e ry
d i l u t e  a l lo y s  to  z e ro  te m p e ra tu re  and t a k in g  s = 0  by assum ing
126 ^ = 5 ^ .  The s p i n - f l i p  s c a t t e r i n g  i s  o f te n  th o u g h t o f  a s  b e in g  
fro z e n  in  a t  T = 0°K b ecau se  t h e  t o t a l  s p in  d is s a p p e a r s  w e ll below  th e  
Kondo te m p e ra tu re . Second, we e v a lu a te  o u r r e s u l t s  a t  T = 4.2°K  by 
e x t r a p o la t in g  th e  r e s id u a l  r e s i s t i v i t y  and m agnetic  s u s c e p t i b i l i t y  on 
v e ry  d i l u t e  a l lo y s  to  zero  c o n c e n t r a t io n  a t  4 .2°K . In  t h i s  c a se  we 
r e l a t e  th e  n o n - s p i n - f l i p  s c a t t e r i n g  to  t h e  im p u r ity  moment, ^ 2 <>k =
g u /s C S + lT , th ro u g h  a sp in  d ep en d en t p h ase  s h i f t  c a l c u l a t i o n * * 1^ * ^
5
w ith  S = —  (S^ ^ t ) .  T h is  a n a ly s i s  m igh t a ls o  be p a r t i a l l y  in
e r r o r  due to  th e  n e g le c t io n  o f  s p i n - f l i p  s c a t t e r i n g  in  o u r  e x p re s s io n  
f o r  r e s id u a l  r e s t i v i t y .  S p in  d ep en d en t p o t e n t i a l  s c a t t e r i n g  i s ,  how ever, 
r e t a in e d  in  b o th  c a s e s .  The r e s u l t s  a re  g iv e n  in  C h a p te r  V.
CHAPTER II
EXPERIMENTAL APPARATUS
I .  R e s i s t i v i t y  A pparatus 
The s ta n d a rd  fo u r  w ire  p o te n tio m e tr ic  method h as  been u sed  fo r  
d e te rm in in g  th e  r e s i s t a n c e  o f  a g iven  sample betw een two p o te n t i a l  
c o n ta c ts .  The p o te n t i a l  c o n ta c ts  w ere made by sm a ll d iam e te r P t 
w ire s  which a re  b u r ie d  in  th e  grooves o f  a su p p o rt ro d . The c u r re n t  
le a d s  were d i r e c t l y  so ld e re d  to  th e  sam ple by u s in g  indium s o ld e r .  The 
main support rod  was made o f  b a k e l i t e  and was two in c h es  in  le n g th  and 
3 /8  inches in  d ia m e te r . The rod was s p l i t  to  h o ld  th e  sam ple. Samples 
w ere in  th e  form o f  s t r i p s ,  ap p ro x im a te ly  0.002 in c h e s  th ic k ,  0.035 
in c h es  w ide, and 1 .5  in c h es  long . The c u rre n t was su p p lie d  to  th e  
sam ple from a c o n s ta n t  c u r r e n t  power supply  in  s e r i e s  w ith  a  1 0 0  ohm 
s ta n d a rd  r e s i s t o r .  By u s in g  t h i s  100 ohm s tan d a rd  r e s i s t o r  a s  an 
e x te rn a l  r e f e r e n c e ,  th e  r e s i s t a n c e  o f  th e  sample was d i r e c t l y  measured 
u s in g  a f lu k e  v o ltm e te r  w ith  th e  r a t i o  o p tio n .
The m easurem ents were made a t  te m p e ra tu re s  o f  300°K, 78°K, and 
4 .2°K . The 78°K and 4.2°K  m easurem ents were made w ith  th e  sam ple and 
h o ld e r  immersed in  l iq u id  n i tro g e n  and l iq u id  h e liu m  r e s p e c t iv e ly .
In  o rd e r  to  f in d  th e  average  c ro s s  s e c t io n a l  a r e a ,  we weighed 
each sam ple, computed th e  d e n s i ty  o f  a  p a r t i c u l a r  a l lo y  from l a t t i c e -  
pa ram ete r d a ta ,  and m easured th e  sam ple le n g th .
8I I . M agnetic  S u s c e p t i b i l i t y  A p p ara tu s
The sy stem  f o r  th e  m easurem ent o f  m ag n e tic  s u s c e p t i b i l i t i e s
c o n s is te d  o f  an a s t a t i c  p a i r  o f  su p e rc o n d u c tin g  p ic k u p  c o i l s  lo c a te d
in s id e  a  u n ifo rm  m a g n e tic  f i e l d  o f  u p  to  60 k g a u ss . The f l u x  changes
produced  a s  a sam ple moves in to  one o f  th e  c o i l s  o r  from  one c o i l  to
th e  o th e r  c an  be  m easured  u s in g  a  S u p e rc o n d u c tin g  Quantum I n te r f e r e n c e
D evice (SQUID). The SQUID i s  an e x tre m e ly  s e n s i t i v e  d e v ic e  f o r
m easurem ents o f  m ag n e tic  f lu x ,  and i s  b a se d  on L ondon 's  c o n c e p t o f
15f lu x o id  q u a n t iz a t io n  in  a  s u p e rc o n d u c to r  and on Jo sep h eo n  t u n n e l ­
l in g  th ro u g h  a  "weak l i n k "  betw een two s u p e r c o n d u c t o r s .^
The b a s i c  f lu x  t r a n s fo rm e r  c i r c u i t  o f  o u r system  i s  shown in  
F ig u re  1. The SQUID s ig n a l  c o i l  i s  120 tu r n s  o f  0 .0 0 3  in c h e s  n iobium
w ire  on a 0 .0 7  in c h  b a se  and i s  found  to  have m u tua l in d u c ta n c e  w ith
-2th e  SQUID c a v i t y  o f  M=1.5 x 10 yH, and s e l f - in d u c ta n c e  L^=4.3 yH. 
Each c o i l  o f  th e  a s t a t i c  p a i r ,  c o n s is te d  o f  N ^=19 tu r n s  o f  0 .0043 
in c h e s  N b-Ti w ir e ,  was 0 .1 2 5  in c h e s  in  d ia m e te r  and had a  s e l f ­
in d u c ta n c e  o f  L2 =1.35  yH. The s e l f - in d u c ta n c e  o f  th e  t i g h t l y  tw is te d  
su p e rc o n d u c tin g  le a d s  was L^=0.3 yH. I f  (fle x t  i s  th e  a v e ra g e  f l u x  
co u p led  i n t o  each  o f  th e  Nex^ tu r n s  o f  one c o i l  o f  th e  a s t a t i c  p a i r  
th e  f lu x  <I>SqUID in d u ced  in  th e  SQUID w i l l  be
^SQUID f  ^ e x t
MN „
+ C H -1)L1 + 2L2 + r ext*
9ORNL-DWG 76-3659
SQUID SENSING CIRCUITRY














Fig. 1. The b asic  flu x  transformer c ir c u it  o f the magnetic 
s u s c e p t ib il i ty  apparatus using a Superconducting Quantum Interference  
Device (SQUID).
10
w here f  i s  th e  f l u x  t r a n s f e r  f a c t o r .  F or o u t  system  f  i s  0 .0 3 9 .
T h in  f o i l  sam p les o f  0 .2 5  in c h e s  in  w id th , 0 .1714 gram s in  w e ig h t ,  
and a p p ro x im a te ly  0 . 0 0 2  in c h  in  th ic k n e s s  w ere c lo s e ly  wound on a 
0 .0 3  in c h e s  g o ld  w ir e .  T hese c y l i n d r i c a l  sam ples w ere a p p ro x im a te ly  
0 .0624  in c h e s  in  d ia m e te r .  F o r th e s e  sam p les  w hich a r e  lo n g  com pared 
to  th e  p ic k u p  c o i l  d im e n s io n , raa/  w r i t t e n  as
♦ s q u i d  = f 4 l r * hcT -  ' C” - 2 )
w here x i s  d im e n s io n le s s  m a g n e tic  s u s c e p t i b i l i t y ,  D i s  th e  d ia m e te r  
o f  th e  c y l i n d r i c a l  sam ple  and Hq i s  th e  e x te r n a l  f i e l d .  F o r ou r 
sy stem  o f  0=0.0624 in c h e s ,  f= 0 .0 3 9 , th e  e s t im a te d  s e n s i t i v i t y  f o r  
s u s c e p t i b i l i t y  m easurem ents i s  g iv e n  a s
A(4ttX) = 1-30 x 1 0 3  - 4>5§UID (cm-2 ) , ( I I - 3 )
o
-11 2 3w here MgQujQ=2. 07 x 10 g a u ss  cm . A t Hq=60 x  10 g a u s s ,  th e
s e n s i t i v i t y  f o r  th e  m ag n e tic  s u s c e p t i b i l i t y  was e s t im a te d  a s
A(4ttX) = 4 .48 x 10- 1 3 .
A s u p e rc o n d u c tin g  m agnet was u sed  t o  a p p ly  m ag n e tic  f i e l d  up t o
60 k g a u s s . The su p e rc o n d u c tin g  m agnet o p e r a te s  in  a  p e r s i s t e n t  mode
and i s  s t a b l e  to  one p a r t  in  103  f o r  one h o u r . The m agnet
d im e n s io n s  in  cm a re  g iv e n  in  F ig u re  2 . The a x i a l  f i e l d  p ro d u ced  b y  a
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Z -D IR E C T  ION
ALL DIMENSIONS IN cm
F ig .  2. Cross s e c t io n  o f  th e  60 kgauss superco n d u c tin g  magnet 
( a l l  d im ensions in  cm). Number o f  tu r n s  o f  w ire  in  each c o a x ia l  c o i l  
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where uq = p e r m e a b i l i t y  o f  f r e e  sp a c e ,  
i  = c u r r e n t ,
d* = d ia m e te r  o f  t h e  w ire ,  
a = i n s i d e  r a d iu s  o f  t h e  c o i l ,  
b = o u t s i d e  r a d i u s  o f  t h e  c o i l ,  
c = r i g h t  end f a c e  p o s i t i o n  o f  t h e  c o i l ,  and 
d = l e f t  and f a c e  p o s i t i o n  o f  t h e  c o i l .
The a x i a l  m agnetic  f i e l d  B p roduced  by  o u r  magnet was c a l c u l a t e d
Z
from a  com pu te r  code and i s  shown in  F ig u r e  3. The r a d i a l  f i e l d  d i s t r i ­
b u t io n  may be a p p ro x im a te ly  o b ta in e d  n e a r  t h e  magnet a x i s  u s in g  t h e  
M axw ell ' s e q u a t io n
r  3r CH-5)
A u s e f u l  t e c h n iq u e  f o r  m easu ring  s m a l l  d i f f e r e n c e  in  s u s c e p t i b i l i t y  
be tw een Au and A u -a l lo y  sam ples  i s  to  u s e  a  t r i p l e  sam ple a s  shown i n  
F ig u r e  4 . A c o n f i g u r a t i o n  o f  t h e  p r i n c i p a l  com ponents o f  t h e  a p p a r a tu s  
i s  a l s o  shown in  F ig u re  4 . T h is  p r o to t y p e  system  was d e s ig n e d  t o  f i t  
i n t o  a  5 .5  in c h e s  in n e r  d ia m e te r  h e l iu m  dew ar. The p ic k u p  c o i l s  were 
s p o t  w elded t o  t h e  s ig n a l  c o i l .  The l e a d s  a r e  t w i s t e d  and c o v e red  i n  
Cu tu b e  c o a te d  w i th  l e a d .  The system  was c o n s t r u c t e d  w ith  an a i r l o c k  
a r ran g em en t f o r  ch an g in g  t h e  sam p les .  Samples may be  v a r i e d  t h e i r  l o c a t i o n s
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Fig . 3. The a x i a l  m agnetic  f i e l d  d i s t r i b u t i o n  r e l a t i v e  to  th e  c e n t r a l  f i e l d  o f  th e  60 kgauss 
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F ig .  4. Diagram o f  m ag n e t ic  s u s c e p t i b i l i t y  a p p a r a tu s  showing 
c o n f i g u r a t i o n  o f  t h e  p r i n c i p a l  com ponents.
and changed t h e i r  te m p e ra tu re s  from 4.2°K  to  300°K. We have used  a 
f lu x  c o u n t in g  c i r c u i t  t o  measure d i r e c t l y  th e  change in  m a g n e t iz a t io n  
by c o u n t in g  th e  number o f  f l u x  q u a n ta .  E l e c t r o n ic s  were o b ta in e d  from 
SHE M anufac tu ring  Corp.
I l l . MBssbauer A pparatus
The measurements o f  th e  MtJssbauer isom er s h i f t  f o r  th e  a l l o y s
p re s e n te d  in  t h i s  work c o n s t i t u t e d  t h e  M a s te r 's  t h e s i s  o f  T. J .
17K i r th l i n k .  The a p p a r a tu s  and measurement p ro c e s s  a r e  a d e q u a te ly  
d e s c r ib e d  in  t h a t  t h e s i s  and f o r  th e  sake  o f  b r e v i t y  w i l l  n o t  be 
re p e a te d  h e re .
CHAPTER I I I
EXPERIMENTAL RESULTS
I .  E l e c t r i c a l  R e s i s t i v i t y
E l e c t r i c a l  r e s i s t i v i t i e s  o f  d i l u t e  g o ld -b a s e d  a l l o y s  have  been
m easured  a t  300°C, 78°K and 4 .2°K  u s in g  e x p e r im e n ta l  a p p a r a tu s
d is c u s s e d  in  C h ap te r  I I .  By com paring th e  r e s u l t s  o f  m easured
18r e s i d u a l  r e s i s t i v i t i e s  to  t h e  p u b l i s h e d  l i t e r a t u r e  v a lu e s ,  we have 
d e te rm in e d  th e  c o n c e n t r a t i o n  o f  s o l u t e  m a t e r i a l  in  g o ld .  However, 
t h e r e  have been no p u b l i s h e d  v a lu e s  o f  r e s i s t i v i t i e s  f o r  Ca and Sc 
i m p u r i t i e s  in  g o ld .  Thus, c o n c e n t r a t i o n s  o f  Ca and Sc in  g o ld -b a s e d  
a l l o y s  have  been d e te rm in e d  by th e  a to m ic  a b s o r p t i o n  s p e c t ro s c o p y .
We have a l s o  u sed  x - r a y  f lu o r e s c e n c e  to  a n a ly z e  t h e  c o n c e n t r a t i o n s  
in  some a l l o y s .  The ag reem ent i s  r e g a rd e d  a s  s a t i s f a c t o r y .
In  T a b le  1 we g iv e  th e  measured v a lu e s  o f  r e s i d u a l  e l e c t r i c a l  
r e s i s t i v i t y  f o r  each  o f  t h e  a l l o y s  s tu d i e d  a t  T=300°K, 78°K and 
4 .2°K . The m easurem ents  f o r  th e  Sc a l l o y s  a r e ,  a s  f a r  a s  we a r e  aw are , 
t h e  f i r s t  r e p o r t e d .  In  F ig u re  5 we have shown t h e  r e s i d u a l  e l e c t r i c a l  
r e s i s t i v i t i e s  p e r  atom p e r c e n t  o f  c o n c e n t r a t i o n  o f  i m p u r i t i e s  in  
gold  a s  a  f u n c t io n  o f  th e  nominal v a le n c e  d i f f e r e n c e  between th e  
im p u r i ty  and g o ld .  The d a t a  f o r  Ca and Sc a r e  c a l i b r a t e d  by u s in g  
our m easured  r e s i s t i v i t i e s  o f  0 .8 8  a to m ic  p e r c e n t  Ca, 0 .54  a tom ic  
p e r c e n t  Sc , 1 .3 0  a to m ic  p e r c e n t  Sc and 2 .32  a tom ic  p e r c e n t  Sc in  




THE DIFFERENTIAL ISOMER SHIFT, RESIDUAL RESISTIVITY, AND LATTICE 
PARAMETER CHANGE FOR THE GOLD ALLOYS STUDIED
S o lu te a t .  %
D i f f e r e n t i a l  
Isomer S h i f t  
'S(AE) mm/sec
R esidua l R e s i s t i v i t y  
1 / a  vif2-cm 6 a—  x 1 0 0  a
p e r  a t .  %T=300°K T=78°K T=4.2°K
Ca 0.87 0.678 0.465 0.347
Sc 0.54 0.059 ± 0.010 5.183 5.083 4.964 0.0855
1.30 0.143 ± 0.010 11.288 11.252 11.137
2.32 0.308 ± 0.010 21.877 22.080 21.962
Ti 0 .98 0.075 ± 0.010 12.602 12.284 12.084 -0 .0259
1.64 0.163 ± 0.010 20.984 20.928 20.817
V 0.97 0.059 ± 0.010 11.265 12.569 13.020 -0 .0298
2.27 0 . 1 2 0  + 0 . 0 1 0 26.050 29.440 30.974
4 .73 0.292 ± 0.010 52.852 58.686 61.244
Cr 0 .89 0.049 ± 0.010 3.778 4.205 4.068 -0 .0548
1.72 0.073 ± 0.010 7.236 7.783 7.264
3 .86 0 . 2 1 0  ± 0 . 0 1 0 15.932 16.455 15.306
Mn 0 . 8 8 0.045 ± 0.010 2.131 2.197 2.144 -0 .0178
2 . 1 0 0.076 ± 0.010 5.002 5.099 4.876
Fe 1 . 0 1 0 .039 ± 0.010 7.991 8.078 7 .806 -0 .0662
2 .29 0 . 1 1 0  ± 0 . 0 1 0 17.858 18.083 17.483
3.47 0.170 ± 0.010 26.693 26.908 26.095
Co 1.17 0.045 ± 0.010 6.139 6.407 6.606 -0.0841
2.31 0.109 ± 0.010 12.035 12.913 13.520
Ni 1.23 0.038 ± 0.010 0.967 0.897 0.865 -0.0731
2.23 0.079 ± 0.010 1.743 1.591 1.538
4 .2 6 0.177 ± 0.010 3.257 3.035 2.958
Cu 0.92 0.033 ± 0.002 0.413 0.422 0.418 -0 .0927
1.71 0.069 + 0.002 0.762 0.788 0.773
3 .74 0.162 ± 0 . 0 0 2 1.683 1.627 1.597
Zn 0.89 0.040 ± 0.002 0.849 0.825 0.796 -0 .0 4 6
1.89 0.076 + 0.002 1.780 1.771 1.770
3 .78 0.148 ± 0.002 3.491 3.325 3.273
Ga 0.82 0.023 ± 0.002 1.800 1.740 1.693 -0 .0144
1.17 0.046 ± 0.002 2.563 2.209 2.127
Ge 0.36 0.018 ± 0 . 0 0 2 1.883 1.641 1.492 0.0185
0 .58 0.034 ± 0.002 3.002 2.693 2.503
Ag 0.98 0.027 ± 0.002 0.351 0.362 0.358 - 0 . 0 0 2 1
1 . 8 6 0.041 ± 0.002 0.664 0.676 0 . 6 6 6
3 .64 0.082 ± 0 . 0 0 2 1.274 1.294 1.271
Cd 1 . 0 1 0.025 ± 0.002 0.633 0.607 0.595 0.0438
2.06 0.063 ± 0.002 1.282 1 . 2 1 2 1.174
3 .79 0 . 1 1 2  ± 0 . 0 0 2 2.319 2.248 2.237
18
TABLE 1 -  C ontinued
S o lu te a t .  %
D i f f e r e n t i a l  
Isom er S h i f t  
6 (AE) mm/sec
R es id u a l  R e s i s t i v i t y  
1 / a  ySl-cm ^  X 100
T=300°K T=78°K T=4. 2°K
3.
p e r  a t . %
In 0 .9 5 0 .029  ± 0 .002 1 .324 1 .272 1 .239 0.0686
1 .8 3 0 .054  ± 0 .002 2 .5 1 9 2 .425 2 .424
3 .5 9 0 .103  ± 0.002 4 .8 6 3 4 .6 4 5 4.531
Sn 0 .9 3 0 .014 ± 0 .002 3 .1 2 5 2 .962 2 .939 0.0959
1 .82 0 .044  ± 0 . 0 0 2 6 .053 5 .8 7 3 5 .783
3 .6 5 0 .062  ± 0 . 0 0 2 1 1 .9 5 0 11 .642 11.482
Sb 0 .4 7 0 . 0 2 0  ± 0 . 0 0 2 3 .2 1 9 2 .9 9 0
,
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F ig .  5. The r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  p e r  a to m ic  p e r c e n t  
o f  s o l u t e  c o n c e n t r a t i o n  in  g o ld  p r e s e n t e d  a s  a f u n c t i o n  o f  t h e  nom inal 
v a le n c e  d i f f e r e n c e  betw een  t h e  im p u r i ty  and g o ld .
v i r t u a l  l e v e l s  f o r  im p u r i t i e s  o f  3d s e r i e s  have shown a  double  peak
curve in  r e s i s t i v i t y .  The f i r s t  peak  i s  a s s o c ia te d  w ith  th e  p a ss in g
o f  th e  s p in -u p  re sonance  through t h e  Fermi l e v e l  and th e  second i s
a s s o c ia te d  w ith  th e  p a s s in g  o f  spin-down resonance  th rough  th e  Fermi
le v e l .  Thus im p u r i t i e s  from th e  c e n t e r  o f  3d s e r i e s  in  gold a re
g e n e r a l ly  co n s id e red  m agnetic  a t  room te m p era tu re .  The r e s id u a l
r e s i s t i v i t y  on ve ry  d i l u t e  a l lo y s  a t  v e ry  low te m p e ra tu re s  measured by 
19 20 21o th e r s  5 5 has been e x t r a p o la t e d  t o  0 °K fo r  u se  as t h e  zero
tem p e ra tu re  r e s i s t i v i t y  in  our c a l c u l a t i o n .  S ince  no s u f f i c i e n t l y
d i l u t e  r e s i s t i v i t y  measurements a t  s u f f i c i e n t l y  low tem p e ra tu re s  a re
a v a i l a b le  in  AuMn and AuCr a l l o y ,  we have used t h e  rough v a lu e s  sugges ted  
22by A. J .  Hegger. The added r e s i s t i v i t y  o f  Fe group im p u r i t i e s  a t  
0°K in  go ld  have been shown in  F ig u re  5.
19 20 21The r e s i s t i v i t y  a t  4.2°K measured by o th e r s  * J has  a l s o  been 
e x t r a p o la te d  to  zero  c o n c e n t r a t io n  f o r  use as th e  4 .2°K  r e s i s t i v i t y  in  
our c a l c u l a t i o n .  We have tak en  t h e  r e s id u a l  r e s i s t i v i t y  f o r  1 a t .  % 
im p urity  a s  13.4  yftcm f o r  Fe in  Au, and 7 .8  yftcm f o r  Co in  Au. For Cr 
and Mn im p u r i t i e s  in  Au, experim ents  on much more d i l u t e  a l l o y s  a re  
needed. We have assumed th e  r e s i d u a l  r e s i s t i v i t y  f o r  1 a t .  % im p u r i ty  
as 7 .35  y&cm f o r  Mn in  Au, and 12 .3  y£icm fo r  Cr in  Au, f o r  th e  purpose  
o f  c a l c u l a t i o n  bu t we a r e  aware t h a t  th e s e  v a lu e s  may be s u b je c t  to  
la r g e  c o r r e c t i o n  in  th e  f u tu r e .
I I . Magnetic S u s c e p t i b i l i t y  
Independent in fo rm a t io n  about t h e  magnetic o r  non-m agnetic  s t a t e  
o f  an im p u r i ty  in  gold a s  a  fu n c t io n  o f  tem pera tu re  may be o b ta in ed
20 23 24 25from s u s c e p t i b i l i t y  measurements. The summary o f  o th e r  works * '  J *
w i l l  be quoted h e re ,  s in c e  we have no t made th e  measurements on our 
gold  samples due to  an u n fo r tu n a te  a cc id e n t  which bad ly  damaged th e  
ex per im en ta l a p p a ra tu s ,  and our gold samples a r e  n o t  s u f f i c i e n t l y  d i l u t e .  
Table 2 shows th e  r e s u l t s  o f  m agnetic  s u s c e p t i b i l i t y  x in  emu/gm o f  V,
Cr, Mn, Fe and Co im p u r i t ie s  in  gold f o r  v e ry  d i l u t e  gold  a l l o y s  
e x t r a p o la te d  t o  zero c o n c e n t r a t io n  a t  4.2°K to  s e p a ra te  th e  e f f e c t  o f  a 
s in g le  im p u r i ty  from i n t e r a c t i o n  e f f e c t s .  Using th e  C urie  law to  an a ly ze  
m agnetic  s u s c e p t i b i l i t y  d a ta ,  we c a l c u l a t e  th e  sp in  v a lu e  S (us ing  
Equation  1 -6 ) .  The sp in  v a lu e s  S o f  th o se  im p u r i t i e s  in  gold a t  4.2°K
a re  a l s o  given  in  Table  2.
27Anderson argued t h a t  th e  phase s h i f t s  a r e  independen t o f  sp in  
fo r  1=2 a t  T=0°K and hence t h a t  th e  im p u r i ty  moment v an ish e s  a t  zero  
te m p e ra tu re .  This  may be seen  (w ith in  the  C urie  law, Equation  1-6) 
from th e  ex per im en ta l  f a c t s  t h a t  th e  magnetic  s u s c e p t i b i l i t y  i s  f i n i t e  
a t  T=0°K.
I l l . Mbssbauer Isomer S h i f t  
T ab le  1 a l s o  shows th e  r e s u l t s  o f  th e  measured d i f f e r e n t i a l  
isomer s h i f t s  5(AE) between go ld  a l lo y s  and p u re  gold  a t  4 .2°K . Our 
s tu d ie s  o f  isom er s h i f t s  o f  Au a l l o y s  have n e v e r  shown a  te m p e ra tu re  
dependence. For t h i s  r e a so n ,  we have taken  th e  measured v a lu e s  a t  4.2°K 
fo r  a l l  t e m p e ra tu re s .  We i n t e r p r e t  th e se  d i f f e r e n t i a l  isomer s h i f t s  as 
being  brought about by l o c a l  atomic d i s t o r t i o n s ,  average  a l l o y  l a t t i c e  
c o n t r a c t io n s  (o r  e x p a n s io n s ) , and d i f f e r e n t i a l  s c a t t e r i n g  o f  gold  
conduction  e l e c t r o n s  to  th e  go ld  atoms which a r e  ne ig h b o rs  o f  im p u r i ty  
atoms. We have tak en  th e  average  a l l o y  l a t t i c e  i n to  account and w i l l  
d e s c r ib e  th e  p ro ced u re  in  C hapter  IV.
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TABLE 2
MAGNETIC SUSCEPTIBILITY OF ONE ATOMIC % IMPURITY IN GOLD AND THE 
SPIN ASSOCIATED WITH ONE IMPURITY ATOM AT 4.2°K
Im purity X4 .2 ° K ^  emu/,fi"0 x l 0  ~ 6 S4.2°K
V 0.165 0.0265
Cr 0 .5 0.077
Mn 40 .7 2.143
Fe 12.94 1.0465
Co 0.404 0.0629
IV. L a t t i c e  P a ram ete r  Change
We have  made an in d ep en d en t  s e t  o f  measurem ents f o r  our Sc a l l o y s
s in c e  no v a lu e s  have p r e v io u s ly  been r e p o r t e d ,  H a r r i s o n  Dunn o f  t h e
ORNL C hem istry  D iv is io n  has  d e te rm in ed  t h e  l a t t i c e  p a ra m e te r  a  f o r
each Sc a l l o y  used  in  our m easure  o f  MtJssbauer isom er s h i f t  and
e l e c t r i c a l  r e s i s t i v i t y  by Bragg d i f f r a c t i o n  and a com puter f i t  o f  a t
l e a s t  13 s p e c t r a l  l i n e  c e n t e r s .  The v a lu e s  a r e  g iv e n  in  T ab le  3.
A w eigh ted  l e a s t  sq u are  f i t  o f  t h e  d a t a  g iv e s  th e  v a lu e s
<5a/a=0.000855 p e r  a tom ic  p e r c e n t .  T h is  v a lu e  o f  6 a / a  has  been u sed
in  T ab le  1. O ther v a lu e s  g iv en  in  T ab le  1 f o r  6 a / a  have  been
2 8o b ta in e d  from Pearson .
TABLE 3
EXPERIMENTAL VALUES FOR THE LATTICE 
PARAMETER OF Au-Sc ALLOYS
A llo y L a t t i c e  P a ra m e te r
P u re  Au 4 .0773  ± 0 .0 0 0 4  A
Au9 9 .4 6 Sc0 .54 4 .0 7 7 9  ± 0 .0002  A 0
AU9 8 .7 0 Sc1 .30 4 .0 8 0 4  ± 0 .0002  AO
AU9 7 .6 8 SC2 .3 2 4 .0 8 4 5  ± 0 .0002  A
CHAPTER IV
THEORY
In th e  Bloch m u f f i n - t i n  f o r m u la t io n  f o r  a p u re  gold  m eta l  w ith  
a tom ic  volume th e  co n d u c tio n  band wave f u n c t io n  may be ta k e n  to  
have th e  form (Appendix A)
ilt ^
where th e  Block f u n c t io n  u^u  £ f r )  d i s p l a y s  th e  p e r i o d i c i t y  o f  t h e  
l a t t i c e  and l ^ u > s a t i s f i e s
{ -  s ,2  * |  VAu<?  - v }  I w  = (IV- 2)
The V^u (r “r j J  a r e  t h e  go ld  m u f f i n - t i n  p o t e n t i a l s  which a r e  assumed to  
be s p h e r i c a l l y  symmetric and a re  t a k e n  to  e x i s t  w i th in  a s p h e r i c a l  
r e g io n  o f  r a d iu s  equal to  one h a l f  o f  th e  n e a r  n e ig h b o r  d i s t a n c e .
In  a  d i l u t e  a l l o y  o f  go ld  w ith  a  ty p e  B im p u r i ty  atom, we w i l l
suppose t h a t  a  p o t e n t i a l  V ^ C r - r ^ )  a g a in  e x i s t s  w i th in  a  sp h e re
lo c a te d  a t  e v e ry  l a t t i c e  s i t e  r^  and t h a t  in  a d d i t i o n  a  p e r t u r b a t i o n
p o t e n t i a l  A V (r-r^) i s  r e q u i r e d  w i th in  a  sp h ere  l o c a t e d  a t  th e  B atom
s i t e s  r  . AVCr-r^) would v e ry  n e a r l y  equal to  ^g C r-r^ ]-V ^ u ( r - r m3 +
Vc ( r - r  ) ,  where V „ ( r - r  ) i s  a  te rm  which a cc o u n ts  f o r  s c r e e n in g  o f  
b m o  in
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th e  B ty p e  atom due to  t h e  f a c t  t h a t  i t  i s  immersed in  an Au l a t t i c e  and 
c o n s i s t s  in  p a r t  o f  o r t h o g o n a l i t y  t e r m s .  The Au-B a l l o y  pseudo  wave 
f u n c t io n  l c^a 2 i 0 y> would th e n  n e c e s s a r i l y  s a t i s f y
2
ILs} 2 + I  v .  ( r  - r . )  + I  AVCr - r j l  |k  . .  > = E. |k  . .  >.
I 2 m ■* J a l l o y  k f a l l o y
j , a l l  a tom s m,B atoms
(IV -3)
Here t h e  pseudo wave f u n c t i o n  l ^ j j o y 5, r e l a t ed t o  th e  t r u e  a l l o y  wave 
function *a l lo y J ( r )  by »all0)ri{Cr5 = Cl - p) I \ 11o/ -  (»«• Appendix A).
Now in  t h e  a l l o y ,  l e t  u s  choose  t o  w r i t e  t h e  pseudo wave f u n c t io n  
^ a l l o y > as uAu wh en t  i s  w i th in  t h e  m u f f i n - t i n  o f  an Au
ty p e  atom a t  r  , a s  uAu £  (a )  <(>;-► (r) /» /n  when r  i s  w i t h i n  th e  i n t e r s t i c i e s
betw een th e  m u f f i n - t i n  p s e u d o - p o t e n t i a l s ,  and a s  u R ^ ( r - r  )u  ^(a)<f»^C?)/
o >k  in AU  ^X X
(uD ^C a)*^) i f  r  i s  w i th in  th e  m u f f i n - t i n  o f  a B ty p e  atom a t  r  .D j k  m
Here a  i s  t h e  m u f f i n - t i n  r a d i u s  o f  b o th  ty p e s  o f  atom s and we have 
assumed t h a t  t h e  im p u r i ty  does  n o t  s t r a i n  t h e  l a t t i c e .  Then th e  
f u n c t io n  <f>^(r) i s  r e q u i r e d  t o  s a t i s f y
f r  [eb,s  -  W  * V ?  --fi
,2 , , 2 fo r  r  in  t  + a mV $ £ ( r )  + k f £ ( r )  = CIV-4)
f o r  r  n o t  i n  r  + a  m
w i th in  t h e  a p p ro x im a tio n  t h a t  E^ f o r  t h e  a l l o y  i s  e q u a l  t o  E ±  f o r
X AU |  K
^  *+■ ^
p u re  g o ld  and t h a t  V ^ ( r )  = ik<f>^(r) . In  o rd e r  t o  s o lv e  t h i s  p a r t i a l
d i f f e r e n t i a l  e q u a t io n ,  we would need t o  know Eg ■£, E^u and
V (r  -  r  ) i n  d e t a i l .  We do n o t  have  t h i s  in f o r m a t io n  and t h e r e f o r e  
5  m
choose  t o  e v a l u a t e  t h e  f u n c t i o n  <j>£(r) w i th in  t h e  f u r t h e r  assum ption  t h a t
k dependence  o f  [Eg - E^u i s  n e g l i g i b l e  and may be r e p la c e d  by  t h e
bottom  o f  t h e  band en e rg y  d i f f e r e n c e s  [E_ „  - E, n l a s  would be th eB,0 A u,0J
c a s e  f o r  a Wigner S e i t z  o r  f r e e  e l e c t r o n  m odel. For p a r a m e t e r i z a t i o n
p u rp o se s  we s h a l l  l a t e r  make one a d d i t i o n a l  a p p ro x im a t io n  t h a t  th e
s c r e e n in g  p s e u d o p o t e n t i a l s  V ( r  -  r ^ )  can  be  e x p re s s e d  a s  an e f f e c t i v e
sq u a re  w e l l  p o t e n t i a l  o f  v a r i a b l e  d e p th  a s  s e e n  by  e l e c t r o n s  o f  d i f f e r e n t
a n g u la r  momentum o r  s p in  r e l a t i v e  t o  t h e  l a t t i c e  s i t e  r  .
The p a r t i a l  wave a n a l y s i s  f o r  t h i s  p a r t i a l  d i f f e r e n t i a l  e q u a t io n  
29g iv e s
<f>£CO = e + ( r )  = e
00
+ I  (2£ + l H £+;isiniSa ^cjClc)el 6 £ ,a ^ k ^h^1  ^ ( k r ) P £ Ccose)
Si~ 0
00
= I (25, + l ) i £e 1 ^ £ , a ^  [ c o s 6 p ( k ) j . ( k r )
£=0 X
-  s i n 6 £ ^a (k Jn £ C hr)]P£ Ccos0)
f o r  r  n o t  in  t h e  m u f f i n - t i n  a t  r  . (IV-S1m '
Here (k*0 i s  t h e  s p h e r i c a l  Hankel f u n c t io n  o f  th e  f i r s t  k in d ,
(k) i s  c a l l e d  th e  p h a se  s h i f t ,  j  (k r )  i s  t h e  s p h e r i c a l  B esse l
f u n c t io n ,  n _ ( k r )  i s  th e  s p h e r i c a l  Neumann f u n c t i o n ,  P (cosQ) i s  th e  
* Z
Legendre p o ly n o m in a l ,  and k i s  in te n d e d  to  im ply  b o th  p ro p a g a t io n  
d i r e c t i o n  and s p in .  The f r a c t i o n a l  change in  ch a rg e  d e n s i t y  a t  some 
r a d i u s  r  and f o r  some wave number k i s ,  on s u b s t i t u t i o n  (Appendix A)
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pAu,S(?) ^ A u , ? * ! 2
^  a l l o y 1* < t^Au^Au>
<kA lkA >Au1 Au
2
| * j ( ? ) | 2  - | a i k ' r
= I  (2 A + l ) { s i n 2 6 £ j a C kH nJ(kr) - j 2 (k r ) ]
fii” 0
- s in 2 6 £ ^ ( k ) j £ (k r )n £ (kr)}
f o r  r  n o t  in  th e  m u f f in - t i n  a t  r  .m
In  E quation  IV- 6  th e  d i r e c t i o n a l  average  over a sp h ere  o f  f ix e d  |k |
i n  k -space  ( a n t i c i p a t i n g  a  s p h e r i c a l ,  e s s e n t i a l l y  f r e e  e le c t r o n
energy band s t r u c t u r e )  has  been made. The form o f  th e  p o t e n t i a l
(!EB,0 ~EAu,0 '+VS ^ " V I-) f i x e s  th e  phase s h i f t s  6 £ ^ ( k ) .
I n t e g r a t in g  over th e  conduction  band and a cco u n tin g  f o r  a  f r e e
3
e le c t r o n  d e n s i t y  o f  s t a t e s  n (k )  = £2/ ( 2 ir) th e  t o t a l  e le c t r o n  ch arg e  
o u ts id e  o f  th e  B type  sp h ere  behaves as
(IV -6 )
- s i n 2 Y c ( k ) j a tkr)n£ (kr)}k2dk
f o r  r  n o t  in  th e  m u f f in - t in  a t  r  . (IV-7)m K J
U su a lly ,  one makes u se  o f  th e  well-known asy m p to tic  form fo r  th e  above
9e x p re s s io n  in  th e  l i m i t  as  kr->“ , '
Aps c Cr:) £2 r  r  A+l
^  = - = 2  I  I C—ID C2& + l ) 5 a n 6  f k  )
pAuW  4tt a A= 0  b
c o s [ 2 k r  + 6 -Ckp)]
---------- L _ ----- b . l  . r .  . . (IV -8 )
T h is  a sym pto tic  form fo l lo w s  from E qua tion  IV-7 when th e  wave-number
dependence o f  th e  e l e c t r o n  im p u r i ty  s c a t t e r i n g  can be n e g le c te d .
30G e ld a r t  has shown t h a t  f o r  even a  re a so n a b ly  sm all p o t e n t i a l
E qua tion  IV- 8  may n o t  be  c o r r e c t  even in  s ig n  f o r  r  n e a r  th e  p e r t u r ­
b a t io n  p o t e n t i a l .
I .  F r i e d e l  Sum Rule and Im p u rity  Moment 
When s c a t t e r e d  by a  s p h e r i c a l l y  symmetric p o t e n t i a l
30
t h e  r a d i a l  p a r t  R CO o f  th e  wave f u n c t io nX»
?  R P C*0
^ C O  = I  — =— P£ Ccos0) 
k £=0
CIV-10)
s a t i s f i e s  t h e  e q u a t io n
d2 R.
d r '
k2  -  U (r)  -  ^ R£ = 0 C i v - i i )
f o r  e i t h e r  s p in  d i r e c t i o n .  A com bina tion  o f  t h i s  e q u a t io n  w ith  t h a t
f o r  a n o th e r  wave f u n c t io n  R ' ( r )  o f  d i f f e r e n t  k le a d s  to
x»
2 2 Ck' - k ) W dr -
,r  d \  i \ '
dRt " V  r
[Y  '  *1  1'o  •* d r  * d r  u
CIV-12)
I f  R£ i s  a  c o n t in u o u s  f u n c t io n  o f  k , we may w r i t e  f o r  sm all k ' - k ,
fr °  2  dR£ dR£ d2R£ . r  
2 k ] 0  R£d r = t d ^ d 1 T - R£ d k d ^ S 0 - CIV-13)
Using th e  f a c t  t h a t  R o r  dR„/dr-K) f o r  r-H) and R„->Q/2 nr ^ ^ s i n C k r + f i
£  £ £  0  £ ,c r
(k) -£ tt/ 2) f o r  r-*» Csee E q u a tio n  IV-5 w ith  a sy m p to t ic  forms f o r  j  Qcr)
A t
and n ( k r ) ) ,  one hasXr
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rr o ~ , d 6
0  R*d r  +  4 S T T  f k (r °  * -  I  s in2Ckro ♦ s * ,„  - T  * ' »
f o r  r Q -+ ». CIV-14)
I f  R° i s  th e  wave fu n c t io n  in  the  absence  o f  t h e  p o t e n t i a l
r °  2  1 ! 1
.  RI  d r  -  r f 1.  -  2  s l n 2 <k r o - 2
0  0
fo r  r Q ->■ » (IV -15)
th e  s c re e n in g  charge  produced p e r  u n i t  k in  th e  sp h e re  o f  r a d i u s  r  w i l lo
be o b ta in e d  by th e  d i f f e r e n c e  o f  th e s e  two e x p re s s io n s  m u l t i p l i e d  by 
th e  c o r re sp o n d in g  d e n s i t i e s  o f  s t a t e s  p e r  u n i t  k. Thus th e  change o f
g
charge  o f  a  g iv en  sp in  p e r  u n i t  k i n s id e  a  sp h e re  o f  l a r g e  r a d i u s  r Q i s
ro d(Ap ) d6
 -igS- 4irr dr =  -  I  {21  +  1) [—4 ^  -
0  dk * t  dk
i  s i n 6 ^ oc o s (2 k ro + - £tt) ] ,  CIV-16)
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s in ce  th e  d e n s i t y  o f  s t a t e s  o f  a n g u la r  momentum A p e r  u n i t  wave number 
in s id e  a l a r g e  sphere  o f  r a d iu s  r Q i s  C2 A + l)ro/ir ,  coun ting  on ly  one sp in  
o r i e n t a t i o n .  This fo l lo w s  because th e r e  a re  (2A+1) v a lu e s  o f  th e  
azim uthal quantum number m f o r  each  va lue  o f  A, and f o r  f ix e d  A and
JG
m  ^ th e  a llow ed  v a lu e s  o f  k d i f f e r  a s y m p to t ic a l ly  by Ak=ir/ro , g iv in g  t  /ff 
d i f f e r e n t  r a d i a l  s o lu t io n s  p e r  u n i t  range o f  k . The t o t a l  number o f  
e l e c t r o n s  d is p la c e d  by th e  p o t e n t i a l  in to  th e  sp h e re  o f  r a d iu s  r ^  i s
1 fkp d 5 o 1
N = i  I  [ 2 A + 1 ) d k [— ~ tt s i n 6  cosC2kr + - Att)]o tt £ v L dk k £,cr  ^ o £ ,a
o r
N = 7  1 I  (2£ + 1)6^ 0 0  + o s c i l l a t o r y  term  (IV-17)
a  SL *
coun ting  b o th  sp in  o r i e n t a t i o n s .  For s u f f i c i e n t l y  la rg e  r ,  t h e  second 
term may be n e g le c te d .  Then E qua tion  IV-17 g iv e s  us th e  F r i e d e l ’ s sum 
r u l e .  We need t h i s  number o f  e x t r a  e l e c t r o n s  i n  th e  neighborhood o f  an 
im p u r i ty  to  n e u t r a l i z e  i t s  ch arg e .  In  th e  t r e a tm e n t  o f  3d im p u r i t i e s  o f  
Co and Ni in  go ld , we change 6 2  to  7T_^ 2 amounts to  s c re e n in g  by
h o le s  i n s t e a d  o f  e l e c t r o n s  f o r  6 > i t / 2 . (For m agnetic  a l lo y s  we s h a l l  
o f te n  l e t  f i2 = ^ 2  + + 6 2  '
C onside r an im p u r i ty  o f  nominal v a len ce  Z 1 (Z 1=number o f  e l e c t r o n s  
o u ts id e  a  f r e e  atom c lo se d  s h e l l )  i n  go ld . I t  i s  u s u a l l y  assumed t h a t  
f r e e  atom c lo se d  s h e l l  e l e c t r o n s  do n o t  ta k e  p a r t  in  a l l o y  conduction  
band s c re e n in g  p ro c e sse s  due to  th e  f a c t  t h a t  th e y  a re  found to  be 
s t ro n g ly  bound in  f r e e  atom c a l c u l a t i o n .  Th is  j u s t i f i c a t i o n  i s  examined
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in  d e t a i l  in  C hapter  V. I f  th e  im p u r i ty  o c cu p ie s  a r e g u l a r  l a t t i c e  
and does n o t  s t r a i n  t h e  l a t t i c e  th e n  t h e  e x t r a  ch a rg e  N, which must 
be screened  by th e  c o n d u c t io n  e l e c t r o n s  o f  th e  h o s t ,  must equal t o  
t h e  nominal v a len c e  d i f f e r e n c e  AZ = Z ' - 1. Suppose, however,
t h a t  th e  im p u r i ty  g iv e s  r i s e  to  an e x p an s io n , t h a t  i s ,  c au se s  an outward 
d isp la c e m e n t  o f  th o se  s o lv e n t  m e ta l  io n s  which a r e  in  th e  im m ediate 
v i c i n i t y  o f  t h e  im p u r i ty .  The outw ard d isp la c e m e n t  o f  n e a r  n e ig h b o rs  
in  e f f e c t  w i l l  remove a c e r t a i n  amount o f  i o n i c  ch a rg e  from t h e  r e g io n  
occup ied  by th e  im p u r i ty .  T h e re fo re ,  we m odify th e  F r i e d e l  c o n d i t io n  
in  t h e  sen se  t h a t  N i s  n o t  equal to  AZ b u t  i s  g iv en  by
N = AZ - ~  f ~ ) , CIV-18)
where Sa/a  i s  one hundred  t im es  th e  change i n  l a t t i c e  p a ra m e te r  due to
one a tom ic  p e r c e n t  o f  im p u r i ty  in  g o ld  r e l a t i v e  t o  t h e  p u re  go ld
l a t t i c e  p a ra m e te r .  y ( i s  d e f in e d  in  te rm s o f  t h e  P o i s s o n 's  r a t i o
cr1 by y ^ S C I - o ’J /C I+ o 1) and i s  1 .225  f o r  g o ld .  The p e r t i n e n t  i n f o r -
28m ation  o f  S a /a  from known e x p e r im e n ta l  r e s u l t s  f o r  gold  a l l o y s  i s  
shown in  F ig u re  6 . By u s in g  E q u a tio n  IV-18, N can  be o b ta in e d .  The 
v a lu e s  o f  N f o r  gold  a l l o y s  a r e  summarized in  T ab le  4. The 6 a / a  
v a lu e  f o r  Sc i s  th e  f i r s t  r e p o r t e d .
E q u a tio n  IV-17 a l s o  g iv e s  t h e  n e t  m agnetic  moment p e r  im p u r i ty  
atom when c o n s id e re d  i n  te rm s o f  t h e  s p in  p a ra m e te r  a .  The s p in  S o f  
such  an im p u r i ty  atom i s  j u s t  t h e  number o f  sp in  up [a=+) e l e c t r o n s  
minus t h e  number o f  s p in  down e l e c t r o n s  (a=+) m u l t i p l i e d  by t h e  s p in  o f  
an e l e c t r o n ,  1 / 2 :
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F ig . 6 . R e l a t iv e  l a t t i c e  p a ra m e te r  change p e r  atom ic p e rc e n t  
o f  s o l u t e  c o n c e n t r a t io n  in  go ld  p re s e n te d  as  a f u n c t io n  o f  th e  nominal 
v a le n c e  d i f f e r e n c e  between th e  im p u r i ty  and gold .
TABLE 4
MODIFIED VALENCE DIFFERENCE DUE TO LATTICE 
EXPANSION OF GOLD IN ALLOYING
Im purity AZ
—  x 1 0 0  
p e r  a t . % N
Ca 1 1.1788
Sc 2 0.0855 1.8288
Ti 3 -0 .0259 3.0634
V 4 -0.0298 4.0730
Cr 5 -0.0548 5.1342
Mn 6 -0 .0178 6.0436
Fe 7 -0.0662 7.1621
Co 8 -0.0841 8.1621
Ni 9 -0.0731 9.1790
Cu 0 -0 .0927 0.2270
Zn 1 -0 .046 1.1126
Ga 2 -0.0144 2.0353
Ge 3 0.0185 2.9550
As 4 0.0590 3.8555
Ag 0 - 0 . 0 0 2 1 0.0051
Cd 1 0.0438 0.8927
In 2 0.0686 1.8320
Sn 3 0.0959 2.7652
Sb 4 0.1154 3.7174
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s =  l (Nt  -  V  - 5 T  j 0
- k  j 0 t2* ♦ « ‘*,+<V CIV-19^
upon n e g le c t i o n  o f  th e  o s c i l l a t i n g  te rm s  in  E q u a tio n  IV-17. I f  we 
th e n  assume t h a t  6  =5 , ,  6 .=5. , ,  and t h a t  a l l  phase  s h i f t s  f o r
O ,  T O ^ t I   ^T 1}  T
£■>3 a r e  n e g l i g i b l e  we see  t h a t  E q u a tio n  IV-19 re d u c es  to  
S=(5/2tt) C^ 2  + ~ ^ 2  P  aS Pr e v i o u s l y  s t a t e d  in  E q u a tio n  1 -7 .
I I . R es id u a l  E l e c t r i c a l  R e s i s t i v i t y  
The d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  £(0) can be found from th e  
a sy m p to t ic  form o f  wave f u n c t io n  $£(*) ■ As r-**>, th e  a sy m p to t ic  form s 
o f  j^C kr) and n ^ (k r )  may be used  i n  E q u a tio n  IV-5 which can be r e w r i t t e n  
a s
■ t  "*■ j i h r
M b  = e  ♦ ------k r
= I  ( 2 £ + l j i ^ e ^ ^ a ^  s i n ( k r  -  j -  £ir 
£=0 Kr Z
+ G(k)3PJlCcos0). CIV-20)
•  ik  *r *The expansion  o f  e in  Legendre po lynom ina ls  i s
. rr -r  w
* = I  (2 £ + l ) i A ~  s i n  (k r  - -■ £ tt)Pb (cose) . CIV-21)
£=0
S u b s t i t u t i o n  o f  t h i s  in to  E q u a tio n  IV-20, g iv e s  f o r  t h e  s c a t t e r i n g  
am p li tu d e
37
f ( 9 )  = ( 2 i l c r 1 I  (21  + l H e 2 l 6 £ , a Ck) - 1 ) P . ( c o s 0 ) . (IV-22)
£.=0
Thus th e  d i f f e r e n t i a l  c ro s s  s e c t io n  i s
I (9) = if(8)| =
00
± j \  I  (2H + l ) e l 5 £ , c Ck)s in 5  (k )P f (c o s 6 ) | 2 . (IV-23)
r  £=0 A
Using E quations  1-4 , I-S  and IV-23, th e  r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  
1 / a  i s  g iven  as
.  4Trfin. “  ( n .  _
k - - 2 r l  I  p 1 1  -  V i . , ( kF »  • ' IV- 24>ne k -  o £ = 0  
F
Here th e  phase s h i f t s  a re  to  be tak en  a t  th e  Fermi s u r f a c e ,  s in c e  th e
r e s i s t i v i t y  depends on ly  on th e  p r o p e r t i e s  o f  th e  e l e c t r o n s  a t  th e  Fermi
33le v e l .  By assuming a m(l-m) com position  dependence in  r e s i s t i v i t y ,  
E quation  IV-24 can be r e w r i t t e n  a s ,  f o r  im p u r i t i e s  in  g o ld ,
I  .  4 r f m ( l - ? l j S l n 2 ( s  ,  « t + 1 > 0 (kp) ) .  CIV-2S)
e kP a 1=0 ’
Here m i s  th e  a tom ic  f r a c t i o n  o f  im p u r i t i e s .
When th e  im p u r i ty  atom has  a  m agnetic  moment t h e  e x p re ss io n  f o r  
r e s id u a l  e l e c t r i c a l  r e s i s t i v i t y  may be approxim ated in  term s o f  th e  d 
sp in  o f  th e  im p u r i ty ,  5=5( 6 _ . - S ,  ) / 2t t , a s * * ’ ^ ’ ^
U  y  T  £ . 9 T
F = ----- 2   ^ S in  CW  " W 3 * s i n  [ 6 l ( kF3e kp
" CW  + + " (<52 Ckp) - ) J
+ j  s i n 2 C6 2 (kF) + | l )  + |  s i n 2 C6 2 Ckp) - f 1) } .  CIV-26)
HerS f'o.t = V  = V '  C6l,t = 51>+ = V> C62 = l/2<52,+ + 62 ,^
and we hav e  tak en  o n ly  t h e  f i r s t  t h r e e  phase  s h i f t s ,  6  , i n t oX»
c o n s i d e r a t i o n .  And S i s  t h e  t e m p e r a tu r e  dep en d en t s p in  o f  an  im p u r i ty .  
The s p i n - f l i p  s c a t t e r i n g  h a s  been  n e g le c t e d  in  t h i s  p h ase  s h i f t  a n a ly s i
I I I . MBssbauer Isomer S h i f t  
An ap p ro x im a te  t h e o r e t i c a l  model f o r  t h e  iso m e r  s h i f t ,  6 CAE), 
which h a s  an e x p l i c i t  dependence  on t h e  volum e, t h e  c o m p o s i t io n ,  and 
o rd e r  p a ra m e te r s  has  b e en  su g g e s te d  by  Huray e t  a l ? ^  From t h i s  
model t h e  isom er s h i f t  i s  g iv en  by
AP (r ■)
fi(AE) = knpAu(0)CCn -  ) Y[1 + I  <n> — ] _ 1} , ( IV-27)
a l l o y  i  Au J
where and a r e  th® a to m ic  volume o f  p u r e  go ld  and a  go ld
a l l o y ,  y i s  a  c o n s t a n t  which h a s  b een  s tu d i e d  t h e o r e t i c a l l y  f o r  go ld  
35by Tucker e t  a l .  u s i n g  a  D i r a c - W i g n e r - S e i t z - S l a t e r  CDWSS) ap p ro x im a­
t i o n  where Au was assumed t o  be i n  a  5 d ^ 6 s ^  c o n f i g u r a t i o n .  In  t h a t
39
ap p ro x im a tio n , y was found to  have a v a lu e  o f  0 . 8 6 . The te rm  
knp^u ( 0 ) has been  found to  have an approxim ate  v a lu e  o f  8 . 0  m i l l i ­
m e te rs  p e r  second. £ <n>.Ap f r , ) / p  (0) i s  th e  t o t a l  averag e
• 1 SC 1 All
1
f r a c t i o n a l  s c a t t e r e d  e l e c t r o n  charge  d e n s i t y ,  <n >^ i s  t h e  average
i t .
number o f  s o lu t e  atoms which a r e  in  th e  i  n e a r e s t  ne ig h b o rs  to  th e  
go ld  atom a t  r= 0 ,  Ap (r.)=£Ap ( r . )  i s  th e  t o t a l  s c a t t e r e d  chargeSC 1 ^ * 1
d e n s i t y  a s s o c ia te d  w ith  th e  s c a t t e r i n g  p o t e n t i a l  lo c a te d  a t  a p o in t
r ^  away from r= 0 , and P^u ( 0 ) i s  th e  co n duction  e l e c t r o n  charge
d e n s i t y  a t  th e  averag e  gold  n u c l e i  in  pure  g o ld .
For an a l l o y  w ith  no s h o r t  range  o rd e r  ( th e  random d i s t r i b u t i o n  o f
s o l u t e  atoms on an f . c . c .  l a t t i c e ) ,  <n>.=mC., where C. i s  th e  t o t a l
1 1  l
number o f  atoms in  th e  i t h  n e a r e s t  ne ighbors  (C^=12, C ^-6 ,  e t c . ) .  The 
d i f f e r e n t i a l  MtJssbauer isomer s h i f t  can be r e w r i t t e n  as
fiAn v ^ AP=r t r n-)
5(AE) = knpAu( 0 ){ ( j r J ) Y [ 1  + (£ C o-  -7 -0-v ~ > i] - 1>. (IV-28)
a l l o y  i  Au J
By a n a ly z in g  d a ta  o f  6 (AE) a s  a f u n c t io n  o f  m (Table  1) f o r  go ld
a l l o y s ,  th rough  th e  volume c o r r e c t i o n ,  we may o b ta in  a  v a lu e  f o r
^ C^APsCC t i ) /p Au( 0 ) th e  t o t a l  f r a c t i o n a l  s c a t t e r e d  charge  d e n s i t y
i
change brought abou t a t  th e  go ld  n u c l e i  lo c a te d  a t  r ^  due to  t h e  s c ree n in g  
c loud  o f  e l e c t r o n s  a s s o c ia te d  w ith  th e  im p u r i ty  lo c a te d  a t  r= 0 . The 
t o t a l  average  f r a c t i o n a l  s c a t t e r e d  charge  d e n s i t i e s  <^PSC>/P ^ U ^ 3  
g o ld  a l lo y s  w ith  one atomic p e r c e n t  im p u r i ty  a r e  shown in  F ig u re  7.
40
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F ig .  7. A verage  s c a t t e r e d  ch a rg e  d e n s i t y  from i m p u r i t i e s  i n  t h e  
g o ld  l a t t i c e  a s  m easured a t  n e ig h b o r in g  g o ld  n u c l e i .  The v a l u e s  a r e  
r e p o r t e d  a s  a  f r a c t i o n  o f  p ^ C O ) ,  t h e  c o n d u c t io n  e l e c t r o n  c h a rg e  
d e n s i t y  a t  t h e  a v e ra g e  go ld  n u c l e i  in  pu re  g o ld .
41
IV. Square-W ell P o t e n t i a l  
In  o rd e r  to  p a ra m e te r iz e  our r e s u l t s  in  a  co n v en t io n a l  manner, we 
have chosen to  express  th e  s c a t t e r i n g  p o t e n t i a l  U(r) b ro u g h t about by 
th e  a d d i t io n  o f  an im p u r i ty  atom in to  a  pu re  go ld  l a t t i c e ,  E quation  
IV-9, in  te rm s o f  an £ (and sometimes c) dependent sq u are  w e l l .  The 
p o t e n t i a l  i s  g iven by
U(r) = kp f o r  r  < a  (IV-29a)
and
U(r) = o f o r  r  > a .  (IV-29b)
Here £ i s  th e  an g u la r  momentum quantum number and a  i s  th e  m u f f in - t i n
O
r a d iu s  o f  go ld  (1-439 A).
The wave fu n c t io n  <J>£(r) in  term s o f  th e  phase  s h i f t  6  f o r  th e
K SL y Cf
sq u a re  w e ll  p o t e n t i a l  i s  g iven  by
(1) For r  > a
a I  e l 6 £ , a ^ i A( 2 £+l){cos6 Jl CT(k);i ^ fk r)  
0
- s infi^^C kD n^fkr) }P^(cos0) (IV-30a)
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C2) For r  < a
. 2  , 2a ,  k > k„
ifi 0 0  .
= J o  w ° a »  1  C 2 W 1  [c 0 sS *>oC k )ik tk a )
- s i n  S j ^ n j C t a ^ j j O ^ r J P j C c o s e )
2 2 b. k„ > k £ , a
“  ifip 0 0
♦ i f *  ■ I  i ? ( 4 , a a)
Xi—U X* Ar^ (J
-  sinSl i 0at)nt Ck»)]i1Clci><,r)P)l(cose)
2 2 2where k j  = |k  - k D | ,  and i  i s  t h e  m o d if ie d  s p h e r i c a l  B e s s e l* I U J6 a Q X
The b oundary  c o n d i t i o n  a t  r= a  i s  t h a t  CdfcKr)/dr}/4>;»-00 beK K
Thus t h e  p h a se  s h i f t  i s  g iv e n  by
2 2 For k > k„
£ , 0
V o 0 0  = c o t
■ l f J  
W
kj I <*i, oaJnF ka> - k k J  k
l Cki , « a ” i ( k a > k i V F k i , o a > V ka5]
CIV-3Ob)
(IV-30C)
f u n c t i o n ,  




b. For k 2  < k 2l , o
- l f k i £ Ck£ aa )n i C k a 3  “ k£ a a 3 n i C k a ) 15 (k) = c o t  ,----- w  -V^V r  n , ^ ' tIV-31b)
A' a W ki . ^ J i C t e D  - 4 , a Xi Ck£ ,o a 3 j £ Cka3J
where j j ,  n '  and i !  a r e  th e  d e r i v a t i v e s  o f  j . ,  n and i 0 . The r e l a t i o n
X* At X t *  Xr X
between th e  phase s h i f t  6 ^ a (kp) a t  t i^e Fern*i l e v e l  kp and th e  square  
w e ll  p o t e n t i a l  d ep th  i s  shown in  F igu re  8 .
As mentioned in  Equation  IV- 6  and IV-7, th e  s c a t t e r i n g  charge d e n s i t y  
can be o b ta in ed  f o r  bo th  r  > a and r  < a .  One should  a l s o  ta k e  th e  
charge  d e n s i t y  c o n t r ib u te d  from th e  d i s c r e t e  b o u n d -s ta te s  ( in  accordance 
t o  th e  cho ice  o f  th e  dep th  o f  th e  p o t e n t i a l )  in to  c o n s id e r a t io n .  The 
s o lu t i o n  f o r  th e  b o u n d -s ta te  wave fu n c t io n  ^ ( r )  w ith  energy i s  g iven  
by




*b C?) = I  (2£ + l ) B j^ ah^ Cikbr )P ^ (c o s0 )  f o r  r  > a  (IV-32b)
£ _ 0
2 9 2 2 2
where k^ = 2m |E ^ |/h  and k ^  c J -kb ‘ ^ rom t i^e boundary c o n d i t io n
t h a t  4, f r )  i s  c o n t in u o u s  a t  r=a» An and B„ can be w r i t t e n  asD Af) 0  AT)G
AJt, c  = f
2





The bound s t a t e  e n e rg ie s  a r e  o b ta in e d  by r e q u i r i n g  t h a t  
( d i f ^ C r ) / d r b e  c o n t in u o u s  a t  r= a .  T h is  may be w r i t t e n  as
1. For A = 0
K.1^  = k^ - k?HjO,o 0 ,o  S
k ' a  c o t  (k ' a) = -k, a bO,o  ^ bO,o J d J
ClV-34a)
2. For A = 1
1 , 1 2  _ i, 2  _ ^ 2
* b l ,  l , o  b
cottlci l , o a)
kb l ,o a
1  1  i-i 1  >
2 .2  k, a u  k, akj', a  b l , o
(IV-34b)
and
3. For A = 2
The e ig en v a lu e s  fo r  £=0, 1 and 2 a r e  o b ta in e d  by s o lv in g  Equations
IV-34a, IV-34b and IV-34c n u m b e r ic a l ly  f o r  a g iven  d ep th  o f  p o t e n t i a l ,
For £=0, t h e r e  i s  no energy l e v e l  u n le s s  t h e  dep th  o f  th e  p o t e n t i a l
w ell  Ik!? I>4.5397 eV; t h e r e  i s  one bound s t a t e  i f  4 .5397 eV 
1 0 , a '  *
<|ko  o | <4.08576 eV. For £=1, t h e r e  i s  no energy  l e v e l  u n le s s  th e
2
d ep th  o f  p o t e n t i a l  w e ll  |k^ >18.1589 eV; t h e r e  i s  one bound s t a t e
i f  18.1589 eV < |k?  j <72.6357 eV. For £=2, t h e r e  i s  no energy l e v e l
u n le s s  th e  dep th  o f  th e  p o t e n t i a l  w e ll  |k^ | >37.1484 eV. The f i r s t
bound s t a t e s  f o r  s ,  p and d waves have been shown in  F ig u re  8 . The
bound s t a t e  charge  d e n s i ty  c o n t r i b u t io n s  can th en  be c a l c u l a t e d  from 
th e  bound s t a t e  wave f u n c t io n s .
The f r a c t i o n a l  s c a t t e r e d  charge  d e n s i t y  d i s t r i b u t i o n
2
4TTT Ap ( r ) /  p ( 0 ) f o r  £=0 , 1 and 2  f o r  a s c a t t e r i n g  p o t e n t i a l  in  go ld
X/ A U
i s  shown in  F ig u re  9, where we have chosen an -1 eV p o t e n t i a l  as an
rR
example. The i n t e g r a t e d  charge  d e n s i t y  d i s t r i b u t i o n
2
ip  (r )4irr d r  f o r  
0  *
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F ig .  8 . The r e l a t i o n  be tw een  th e  p h ase  s h i f t  a t  th e  Fermi
l e v e l  kp and t h e  s q u a re  w e l l  p o t e n t i a l  d e p th  f o r  £=0, 1 , and 2. The 
s q u a re  w e l l  d e p th  a s s o c i a t e d  w i th  bound e l e c t r o n s  i s  a l s o  i n d i c a t e d  
f o r  t h e  f i r s t  t h r e e  bound s t a t e s .  A second  s  bound s t a t e  o c c u r s  a t  
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SCATTERED CHARGE DENSITY FROM 
A S Q U A R E  WELL POTENTIAL IN Au
SCATTERING RADIUS = 1 . 4 3 9  ( A )
WELL HEIGHT = - 1 . 0 0 0  eV
(+  I F  R E PU L SIVE )
FERMI LEVEL =  5 . 5 0 3  e V  
NEIGHBOR DISTANCE =  R j N
( /V =  INTEGER)
/ ? =  2 . 8 7 8  ( f t )
F ig . 9.
RADIUS (A)
The f r a c t i o n a l  s c a t t e r e d  charge  d e n s i t y  d i s t r i b u t i g n  4!tr2ip  ( r ) / p (i >G CO) f o r  £=0 , 1 , and2 f o r  a  eV square  w e ll  s c a t t e r i n g  p o t e n t i a l  o f  r a d iu s  1.439 A in  go ld^as  a  fu n c t io n  o f  r a d i a l  d i s ­
ta n c e  in  A from th e  s c a t t e r i n g  c e n t e r .  The v e r t i c l e  l i n e s  a long  th e  a b g c is s a  i n d i c a t e  th e  r a d i a l  
p o s i t i o n  o f  th e  n e ig h b o rin g  s h e l l s  o f  atoms (12 a t  2.878 A, 6  a t  4 .070  A, e t c . ) .
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th e  same p o t e n t i a l  i s  shown in  F ig u re  10. Note t h a t  t h e  i n t e g r a t e d  
ch a rg e  d e n s i t y  d i s t r i b u t i o n  may be used  to  check th e  F i i e d e l  sum r u l e  
(E quation  IV -1 7 ) . The f r a c t i o n a l  average  s c a t t e r e d  ch a rg e  d e n s i t y  
<Ap > /p .  ( 0 ) p e r  a tom ic  p e r c e n t  i s  g iven  asA
The f r a c t i o n a l  av e rag e  s c a t t e r e d  charge  d e n s i t y  p e r  atom ic p e r c e n t  
im p u r i ty  in  go ld  a s  a fu n c t io n  o f  phase  s h i f t s  i s  shown in  F ig u re  11, 
where we have averaged  s c a t t e r e d  ch a rg e  d e n s i t y  o v e r  64 s h e l l s  o f  
n e ig h b o rs  f o r  v a r io u s  s c a t t e r i n g  p o t e n t i a l  d e p th s  in  g o ld .  In  F ig u re  
1 2 , we show th e  r e l a t i o n  betw een th e  f r a c t i o n a l  av erag e  s c a t t e r e d  
ch arg e  d e n s i t y  and t h e  l a t t i c e  p a ra m e te r .  As i n d i c a t e d  in  th e  f i g u r e ,  
we may n e g le c t  t h e  change o f  t h e  f r a c t i o n a l  av erag e  s c a t t e r e d  ch a rg e  
d e n s i t y  due t o  t h e  change o f  l a t t i c e  p a ra m e te r  in  a l l o y i n g ,  because  
th e  change o f  t h e  l a t t i c e  p a ra m e te r  i s  v e r y  sm all  f o r  one atom ic 
p e r c e n t  im p u r i ty  in  go ld  from t h e  l a t t i c e  p a ra m e te r  d a t a .
< ip i > p e r  a tom ic  % = (IV-35)
where r ^  i s  th e  i ^  n e ig h b o r  d i s t a n c e  from th e  o r i g i n  and i s  th e  
t o t a l  number o f  atoms in  t h e  i 1 *1 s h e l l  o f  n e ig h b o rs  (C^=12, , e t c . ) .













INTEGRATED SCATTERED CHARGE DENSITY 
FROM A SQUARE WELL POTENTIAL IN Au
SCATTERING RADIUS = 1 . 4 3 9  (A)
WELL HEIGHT =  - 1 . 0 0 0  eV ( + I F  REPULSIVE)  
FERMI L E V E L =  5 . 5 0 3  eV 
NEIGHBOR DISTANCE = R * / N  { N =  INTEGER)
/ ? — 2 . 8 7 8  (A)
RADIUS (A)
F ig . 10. The i n t e g r a t e d  s c a t t e r e d  charge  d e n s i t y  d i s t r i b u t i o n  I  Ap (r)4TTr2d r  f o r  £=0, 1, and 2 
f o r Qa -1 eV square  w ell s c a t t e r i n g  p o t e n t i a l  o f  r a d iu s  1.439 A in  g o ld °a s  a fu n c t io n  o f  r a d i a l  d i s t a n c e  
in  A from th e  s c a t t e r i n g  c e n t e r .  The v e r t i c l e  l i n e s  a long  t h e oa b s c i s s a  i n d i c a t e  th e  r a d i a l  p o s i t i o n  
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0 .0 0 8
0 .0 0 4
O
- 0 . 0 0 4
- 0 . 0 0 8
- 0.012
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- 0.020
- 2  -1  0  1 2 3 4  5 6
3 jft ( * F )
F ig .  11. The c a l c u l a t e d  f r a c t i o n a l  s c a t t e r e d  ch a rg e  d e n s i t y  change 
av e rag ed  o v e r  t h e  64 n e ig h b o r in g  g o ld  n u c l e i  s h e l l s  and r e p o r t e d  p e r  
a tom ic  p e r c e n t  o f  im p u r i ty  in  g o ld  a s  a  f u n c t io n  o£ Fermi l e v e l  phase  
s h i f t  f o r  a s q u a r e  w e l l  p o t e n t i a l  o f  r a d i u s  1 .4 3 9  A f o r  £=0, 1, and 2.
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0 .0 0 6
0 . 0 0 4
0.002
UJ
O -0 .0 0 2
- 0 . 0 0 4
- 1 0  eV 
+ 10 eV
- 0 . 0 0 6
'alloyMAXIMUM PER at. %
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FOR ANY ALLOY STUDIED
- 0 . 0 0 8
1 .060 . 9 8 1.000 . 9 6
^ALLOY^Au
Fig . 12. The r e l a t i o n  between th e  f r a c t i o n a l  av e rag e  s c a t t e r e d  
charge  d e n s i t y  F ig u re  11 and th e  change o f  l a t t i c e  p a ram ete r  f o r  a  ± 10 
eV square  w ell f o r  £=0, 1, and 2.
CHAPTER V
CONCLUSION
From Chapter IV we see  t h a t  th e  F r ie d e l  sum r u l e ,  and ex p re ss io n s  
f o r  e l e c t r i c a l  r e s id u a l  r e s i s t i v i t y ,  f o r  im purity  moments and fo r  th e  
change in  e le c t r o n  charge  d e n s i ty  may be developed from th e  phase s h i f t  
a t  th e  Fermi le v e l  f o r  an a r b i t r a r y  s c a t t e r i n g  p o t e n t i a l ,  i . e . ,
N = 4Z - f  ?  <2<1 * " “m ' V  tv - 1]' a SL=0
o = I j .  ? + - 5U1 A ”  CV’2)e k„ a &=0 F
S = ^  j o  (2* * ^ ' V A 1 '  6 * . * CkF”  CV' 3)
upon n e g le c t io n  o f  o s c i l l a t i n g  terms a t  l a rg e  r a d i i  from th e  
s c a t t e r i n g  c e n t e r ,  and
1. For r  > a
<Ap > sc p e r  a t .  %
Cl C. + 1)
- m t j 0 -^rc— I ci{ja i= 0  4 - 1  l  u 0 2ir^ C 2 ^ 1 ) { s i n 2S ^ a OO
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2. For r  < a
v t0 >
p e r  a t . %
i  »  ( ? c i  +  1 )  r
i B o l  I  “ S  Ma &=0 y C. , uI  c - i. i  i
fl
0  2 ir
2 ( 2 £ + l ) { [ c o s 6 £ ^ffCk)
where
j ^ f k a )  - s i n 6 £ ^a Ch)n£ Cka)]2 [D - j 2 ( k r i )]  }k2dk
( 2& + 1) 
4tr a
0
+ f i k br ) r 2 d r ]
}(V -4b)
D = f o r  k 2  > k 2Si,a
D =
2 2 
f o r  k < k f£,cr
The e x p re ss io n  o f  <Apsc >/c,au W  in v o lv e s  an i n t e g r a l  over th e  
conduction  band and th u s  depends upon the  d e t a i l s  o f  th e  v a r i a t i o n  o f  
6  (k) u n t i l  an a n a l y t i c  e v a lu a t io n  can be found.X* f 0
A sem iem pir ica l  scheme has been developed f o r  th e  c o n s t r u c t io n  o f
phase s h i f t s  from th e  in v e s t i g a t i o n  o f  a l l o y  p r o p e r t i e s  which depends
on th e  e l e c t r o n  r e d i s t r i b u t i o n  in  d i l u t e  a l l o y s .  The method u t i l i z e s
p a ra m e te r iz a t io n  th ro u g h  an £ fand sometimes cr) dependent sq u a re -w e ll
p o t e n t i a l  around th e  s o lu t e  atom. Residual e l e c t r i c a l  r e s i s t i v i t y
d a t a ,  m agnetic  s u s c e p t i b i l i t y  d a t a ,  MBssbauer isomer s h i f t  d a ta ,  and
th e  nominal v a len c e  d i f f e r e n c e  c o r r e c te d  f o r  lo c a l  s t r a i n  p ro v id e  fo u r
independent p ie ce s  o f  in fo rm a t io n .  By so lv in g  th e  s e t  o f  s im ultaneous
E quations  V - l ,  V-2, V-3, and V-4 a  c o n s i s t e n t  s e t  o f  fo u r  phase s h i f t s
a t  the  Fermi le v e l  can be o b ta in e d .  We have chosen to  n e g le c t  a l l
fi f o r  £>3 and have assumed t h a t  6 = 6  , and 6 , =6 , , .  TheseH,a — o ,+  o ,+  l , t  1 ,4
assum ptions  a llow  us to  e v a lu a te  6  ( k „ ) , <5. ( k „ ) , 6 . ( k _ ) ,  and
O r  1 r  Z , T r
<$2 w i th in  our sq u are  w ell model c a l c u l a t i o n s .  We d e f in e
Sr 1/2[V A , (>' 80 that if sl)t-s£,+- W ' Y r
Our method uses  SQ(kp) and 5 ^ (kp) as  in p u t  p a ra m e te rs .  For g iven
5, N, and 1 /a  we f in d  t h a t  th e  s e t  o f  t h r e e  s im u ltan eo u s  E quations
V -l ,  V-2, and V-3 w ith  fo u r  unknowns can g iv e  a  f u n c t io n a l  r e l a t i o n
between 6 (k„) and 6 ( k „ ) . Such a fu n c t io n a l  r e l a t i o n  i s  shown in  o F I F
F ig u re  13 f o r  S=0, N=1.S, and v a r io u s  v a lu e s  o f  1 /a .  In F igure  14 we 
show how th e  r e l a t i o n s  change f o r  s e v e ra l  v a lu e s  o f  N once S=0 and 
l/a=2uO-cm have been chosen f ix e d .  A f te r  a s e t  o f  r o o t s  a r e  found f o r  
e x p e r im e n ta l ly  de te rm ined  v a lu es  o f  S, N, and 1 /a ,  we can  p lo t
6 , (k ) vs  6 ( k ) . As an example t h i s  r e l a t i o n  i s  shown in  F igure  15
1 r  O r
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VALUES OF SQ AND S, WHICH SATISFY 
5 - '  £ § ~3r { sin2 lW  + 2 sin2 (S^- 82 ) + 3 sin2 (S2 ) j  
WHERE 82 = / V - i  S0 -  |  8, (THE FRIEDEL SUM RULE) 





1.5 2.0 2 .50 . 5 3 .0O- 0 . 5
S0 (kF )
F ig .  13. The r e l a t i o n  be tw een  SjCkp) and $0 (kp) f o r  im purity- 
a to m ic  s p in  S=0, F r i e d e l  s c r e e n in g  ch a rg e  N=1.5 e l e c t r o n s ,  and v a r i o u s  
v a lu e s  o f  r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  1 / a  in  yflcm. 6  ( k p ) ,
5 ^ (k p ) ,  and a^e c o n s t r a in e d  t o  s a t i s f y  t h e  r e l a t i o n s  shown.
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VALUES OF 8 0  AND 8^ WHICH SATISFY
{ s i n 2 ( 8 0 - 8 1) +  2 s i n 2 ( 8 r 8 2 ) +  3 s i n 2 ( S 2 ) }
= 2  ( / i i i - c m )
AND
A/= 2/ t t  S q +  6/ t t  8 < + 10/ t r  S 2
0.8
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- 0.6
- 1 . 0  - 0 . 8  - 0 . 6  - 0 . 4  - 0 . 2  0  0 . 2  0 . 4  0 . 6  0 . 8  1.0
F ig .  14. The r e l a t i o n  betw een 6 ^Ckp) and ^QCkp) f o r  im p u r i ty  
a tom ic  s p in  S=0, r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  l /o = 2  y^cm, and 
v a r io u s  v a lu e s  o f  F r i e d e l  s c r e e n in g  c h a r g e  N.
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VALUES OF 8 0  AND 8 , WHICH SATISFY
5 = { s i n 2  ( 8 0 - S 1 ) +  2  sin2  ( S , - S 2  ) + 3  sin2  (S2 ) |
WHERE 8 2 * jg  A Z - ^ S o - l ^





0 . 3 0 . 40.20.10- 0 . 3  - 0 . 2  - 0 . 1
W
F ig . 15. The r e l a t i o n  between ar*d SQ(kp) f ° r  Cu Au.
(Im p u ri ty  a tom ic  sp in  S=0, F r ie d e l  s c re e n in g  charge  N=0.227 e le c t r o n s  
and r e s id u a l  e l e c t r i c a l  r e s i s t i v i t y  l /a = 0 .4 5  uficm p e r  atom ic p e r c e n t ) .
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f o r  N=0.227, 1 / 0 =0 . 4 5  and S=0 which a r e  th e  c o r re sp o n d in g  v a l u e s  f o r
one p e r c e n t  Cu in  Au. F or any p o i n t  6  (k_) on t h i s  g raph  6 . (k„)O r  I F
i s  f ix e d  and 5-=ttN/10-<5 / S - 3 6 , / 5 .  L ikew ise  . (k _ > S i i /S + 6 ,. (k _ )= 6 ,. (K,,)
Z O 1 Z , T F Z F Z F
i n  t h i s  c a s e .  For each o f  t h e s e  phase  s h i f t s  a t  t h e  Fermi l e v e l  we
h av e  seen  t h a t  t h e  s q u a re  w e l l  model h a s  a c o r re s p o n d in g  w e ll  d e p th  in
F ig u r e  8  and t h a t  f o r  each  w e ll  d e p th  we can compute an av e rag e
s c a t t e r e d  c h a r g e  d e n s i t y  a t  t h e  n e ig h b o r in g  g o ld  a tom s. Thus a  g iv en
s e t  o f  p h ase  s h i f t s  fi f k „ ) , 6 _ ( k _ ) ,  . ( k - ) ,  and 6 _ (k ) h a s  w i th in
O F  I F  2 ,  t  F 2 , +  F
t h e  sq u are  w e l l  f o r m u la t io n  a u n iq u e  a s s o c i a t e d  s c a t t e r e d  c h a rg e
d e n s i t y  <aPs c >/ p^u W * We show in  F ig u re  16 t h e  v a lu e s  o f
<Ap >/ p ,  fO) a s s o c i a t e d  w i th  each 6  (k„) from th e  1 p e r c e n t  Cu in  Ausc Au o F r
d a t a  p r e v i o u s l y  g iv e s  i n  F ig u r e  15.
An e x p e r im e n ta l  m easu re  o f  <Aps c > / p ^ ( 0 )  w i th  a s s o c i a t e d  e r r o r  f o r  
1 p e r c e n t  Cu in  Au a l s o  i n d i c a t e d  in  F ig u re  15 d e f i n e s  two v a l u e s  o f  
6 (kc ) w ith  e r r o r .  We have  d a rk en ed  t h e s e  r e g i o n s  in  th e  p r e v io u s
O r
F ig u r e  14 t o  show th e  c o r r e s p o n d in g  v a lu e s  o f  6 . (k_)  w ith  e r r o r .1 r
For m a g n e t ic  a l l o y s ,  we have e v a lu a te d  p h a se  s h i f t s  a t  T = 0°K 
and T = 4 . 2° K u s in g  E q u a t io n  V -3. The r e s u l t a n t  p h a se  s h i f t s  a t  4 . 2°K 
c a s e  a r e  shown in  T ab le  5 f o r  a l l  t h e  m ag n e t ic  i m p u r i t i e s .  The r e s u l ­
t a n t  phase  s h i f t s  a t  T = 0°K a r e  shown in  F ig u re  17.
In  F ig u r e s  17, 18 and 19 we have  p l o t t e d  t h e  r e s u l t a n t  p h a se  
s h i f t s  (S=0) a s  a f u n c t io n  o f  A2 f o r  a l l  t h e  i m p u r i t i e s  s tu d ie d  h e r e .
The number o f  e l e c t r o n s  c o r r e s p o n d in g  t o  th o s e  p h ase  s h i f t s  a r e  a l s o  
shown in  f i g u r e s .  In some c a s e s ,  we o b ta in  two s e t s  o f  s o l u t i o n s  f o r  
t h e  phase  s h i f t s .  In t h o s e  c a s e s  we show b o th  v a l u e s  in  th e  f i g u r e .
Those v a lu e s  w hich a r e  more o r  l e s s  c o n s i s t e n t  w i th  n e ig h b o r in g  
s o l u t i o n s  a r e  co n n ec ted  by  s o l i d  c u r v e s .  For com parison  we have
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TABLE 5
6 , 5 , 5  (6 <$ J  PHASE SHIFTS AND s ,  p and d SCATTERED0 J, £ £ y \ £ y T
CHARGES FOR 1 ATOMIC % IMPURITY IN GOLD WITH S=S. o0v4 m2. K.





T o ta l
d
Charge
V 3.465 -0 .2 8 6 0.774 0.742 0.758 2 .206 -0 .546 2.413
Cr -0 .0 0 1 1 .250 0.911 0.815 0.863 -0 .0 0 1 2.387 2.747
Mn 1.400 0.454 2.693 0 1.346 0.891 0.866 4 .286
Fe -0 .2 6 2 -0 .3 6 0 1.280 -0 .033 2.518 -0 .1 6 8 -0 .688 8.015
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F ig . 16. F r a c t io n a l  average s c a t t e r e d  charge  d e n s i t y  <^ps c >/ pA u^^ 
a s s o c ia te d  w ith  th e  Fermi Jeve l phase s h i f t  f o r  a sq u a re  w ell s
The v a lu e s  o f  S, N, and 1/crp o t e n t i a l  o f  r a d iu s  1 .439 A f o r  Cu in  Au. 
a r e  g iven in  F ig u re  15. The ex per im en ta l  measurement o f  <Ap 
w ith  a s s o c ia te d  e r r o r  i s  a l s o  shown f o r  one atom ic p e rc e n t  
Cu in  Au.
> / p a CO)sc Auv
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FREE ATOM VALENCE STATE
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F ig . 17. The r e s u l t a n t  phase s h i f t s  f o r  im p u r i t i e s  o f  T i ,  V, Cr, 
Mn, Fe, Co, and Ni in  gold  as  a fu n c t io n  o f  nominal v a len c e  d i f f e r e n c e  
between th e  im p u r i ty  and gold w ith  im p u r i ty  a tom ic sp in  S chosen = 0.
The number o f  e l e c t r o n s  c o r re sp o n d in g  to  th o s e  phase s h i f t s  a re  a l so  
shown on th e  o r d in a te  a t  th e  r i g h t .  The f u l l  curves  a r e  chosen to  
count th e  d a t a  p o in t s  co n s id e red  most c o n s i s t e n t  w ith  f r e e  atom s t a t e s .  
For comparison th e  e l e c t r o n i c  s t a t e s  expected fo r  th e  im p u r i ty  f r e e  atom 
a r e  in c lu d ed .
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FREE ATOM VALENCE STATE 





























F ig . 18. The r e s u l t a n t  phase  s h i f t s  f o r  im p u r i t ie s  o f  Cu, Zn, Ga, 
and Ge in  go ld  as a fu n c t io n  o f  nominal v a len c e  d i f f e r e n c e  between th e  
im p u r i ty  and go ld  w ith  im p u r i ty  a tom ic sp in  S chosen = 0. The number o f  
e l e c t r o n s  co rre sp o n d in g  to  th o s e  phase  s h i f t s  a re  a l s o  shown on th e  
o r d in a te  a t  th e  r i g h t .  The f u l l  curves a re  chosen to  count th e  d a ta  
p o in t s  c o n s id e re d  most c o n s i s t e n t  w ith  f r e e  atom s t a t e s .  For comparison 
th e  e l e c t r o n i c  s t a t e s  expec ted  f o r  th e  im p u r i ty  f r e e  atom a re  in c lu d ed .
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F ig .  19. The r e s u l t a n t  p h ase  s h i f t s  f o r  i m p u r i t i e s  o f  Ag, Cd, I n ,  
Sn, and Sb in  g o ld  a s  a  f u n c t io n  o f  nom inal v a le n c e  d i f f e r e n c e  betw een 
t h e  im p u r i ty  and g o ld  w i th  im p u r i ty  a to m ic  s p in  S chosen  = 0 . The number 
o f  e l e c t r o n s  c o r r e s p o n d in g  t o  th o s e  p h ase  s h i f t s  a r e  a l s o  shown on th e  
o r d i n a t e  a t  t h e  r i g h t .  The f u l l  c u rv e s  a r e  ch o sen  t o  co u n t  t h e  d a ta  
p o i n t s  c o n s id e re d  m ost c o n s i s t e n t  w i th  f r e e  atom s t a t e s . For com parison  
th e  e l e c t r o n i c  s t a t e s  e x p ec ted  f o r  t h e  im p u r i ty  f r e e  atom a r e  in c lu d e d .
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in c lu d e d  th e  e l e c t r o n i c  s t a t e s  ex p ec te d  f o r  a f r e e  atom o f  th e  
im p u r i ty  in  th e s e  f i g u r e s .  The c o r re s p o n d in g  5 , p and d s c a t t e r i n g  
p o t e n t i a l s  a r e  a l s o  p l o t t e d  a s  a f u n c t io n  o f  AZ in  F ig u r e s  20 , 21 and
22. Note t h a t  we have c o n s id e re d  t h e  h o le s  i n s t e a d  o f  e l e c t r o n s  f o r  
Co and Ni i m p u r i t i e s .  For r e f e r e n c e ,  we have  in c lu d e d  th e  f r e e  atom 
w e l l  d e p th  r e s u l t s  o f  a D i r a c ,  H a r t r e e ,  S l a t e r ,  W ig n e r -S e i tz  c a l c u ­
l a t i o n  in  T a b le  6. The f i r s t  column f o r  each  atom i s  a  f r e e  atom 
d e s c r i p t i o n  o f  e l e c t r o n s  i n  t h e  o u t e r  s h e l l s  o f  th e  atom . The n o t a t i o n  
i s  an  a b b r e v ia t e d  way o f  d e s c r i b i n g  t h e  e l e c t r o n  c o n f i g u r a t i o n ,  t h a t  
i s ,  t h e  s t a t e  o f  an atom a s  s p e c i f i e d  by  t h e  f r e e  atom quantum 
numbers o f  each  e l e c t r o n .  [ A r ] , [Kr] and [Xe] r e p r e s e n t  t h e  c lo s e d  
s h e l l s .  The number o f  e l e c t r o n s  in  each s h e l l  a r e  l i s t e d  i n  t h e  s e c ­
ond column o f  T a b le  6 . The f i n a l  column g iv e s  t h e  w e l l  d e p th  
r e s u l t s  o f  t h e  Wigner S e i t z  c a l c u l a t i o n .  A lso in c lu d e d  w i th  t h e  
n o b le  gas  c o r e  i s  a number which r e p r e s e n t s  t h e  m agn itude  in  eV o f  
t h e  l e a s t  t i g h t l y  bound e l e c t r o n  w i th in  t h e  c o re  a s  g iv e n  by  t h e  
Wigner S e i t z  c a l c u l a t i o n .  For c o m p a ra t iv e  a c c u ra c y  we have  a l s o
g iv e n  in  t h e  t a b l e  t h e  e x p e r im e n t a l ly  o b ta in e d  i o n i z a t i o n  en e rg y  f o r
36a  gas  o f  t h e  e lem en t .  The a tom ic  number i s  shown on t h e  c o r n e r
o f  t h e  r i g h t  hand s i d e  o f  each  atom.
37 38P h o to e m iss io n  s t u d i e s  and r e l a t i v i s t i c  band c a l c u l a t i o n s
have  g iv e n  t h e  ra n g e  o f  t h e  c o n d u c t io n  band o f  go ld  a s  6 .5  - 8 .6
36eV below t h e  Fermi l e v e l .  Work f u n c t io n  m easurem ents  o f  go ld  
su g g e s t  t h a t  any  im p u r i ty  e l e c t r o n i c  s t a t e ,  when added s u b s t i t u -  
t i o n a l l y  to  p u re  g o ld ,  would become a  p a r t  o f  c o n d u c t io n  band i f  i t
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F ig .  20. The co rre sp o n d in g  (Fig- 17) s c a t t e r i n g  p o t e n t i a l s  fo r  
im p u r i ty  in  gold  as a  fu n c t io n  o f  nominal v a le n c e  d i f f e r e n c e  between 
im p u r i ty  and go ld . For a l l  ca se s  shown th e  im p u r i ty  atom ic s p in  S i s  
chosen = 0. For comparison th e  e l e c t r o n i c  s t a t e s  expected  f o r  th e  
im p u r i ty  f r e e  atom a re  in c lu d e d .














Fig. 21. The co rre spond ing  (F ig .  18} s c a t t e r i n g  p o t e n t i a l s  f o r  
im p u r i ty  in  go ld  as a f u n c t io n  o f  nominal v a len ce  d i f f e r e n c e  between 
im p u r i ty  and g o ld .  For a l l  c a se s  shown th e  im p u r i ty  a tom ic sp in  S i s  
chosen = 0. For comparison th e  e l e c t r o n i c  s t a t e s  expec ted  f o r  th e  
im p u r i ty  f r e e  atom a re  in c lu d e d .
















0 1 2 3 4 5
NOMINAL A Z
F ig . 22. The c o r re s p o n d in g  (F ig- 19) s c a t t e r i n g  p o t e n t i a l s  f o r  
im p u r i ty  i n  g o ld  a s  a  f u n c t io n  o f  nom inal v a le n c e  d i f f e r e n c e  betw een 
im p u r i ty  and g o ld .  For a l l  c a s e s  shown t h e  im p u r i ty  a to m ic  s p in  S i s  
ch o sen  = 0 . For com parison  t h e  e l e c t r o n i c  s t a t e s  e x p e c te d  f o r  th e  
im p u r i ty  f r e e  atom a r e  in c lu d e d .
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TABLE 6 
FREE ATOM WELL DEPTH (eV)
K
[Ar] +








4 s - l / 2  2
33.59
5.45
6 . 11 *
Sc
[Ar] +
3 d - l /2  2














[Ar] + [Ar] + [Ar] +
3 d - l /2











3 d-3 /2  4













[Ar] + [Ar] +
3d-3 /2 4 11.81
3d-5 /2 1 11.67
4 s - l / 2 2 7.25
7 .43
3d-3 /2  4 12.87
3d-5 /2  2 11.67
4 s - l / 2  2 7 .54
7 .8 7 *
3d-3 /2 4 13.90
3d-5 /2 3 13.68
4 s - l / 2 2 7.82
7 .86
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3 d -3 /2  4 14 .90
3 d - 5 / 2 4 14.63






3d -3 /2 4 27.29
3 d -5 /2 6 26.77
4 s - l / 2 2 11.65






4 d -3 /2  4 12 .47
4 d -S /2  6 11 .84




7 7 .8 6
[Ar] +
3 d -3 /2 4 1 0 .1 0
3 d -5 /2 6 9 .7 9






3 d -3 /2 4 3 8 .6 6
3 d -5 /2 6 38 .01
4 s - l / 2 2 1 4 .7 0




7 2 .2 0
[Kr] +
4d~3/2  4 1 7 .72
4 d -5 /2  6 16 .94






3 d -3 /2  4 16.84
3 d -5 /2  6 16.44






3 d -3 /2 4 51.17
3 d -5 /2 6 50.38
4 s - l / 2 2 1 7 .79
4 p - l / 2 2 8 .0 7






4 d - 3 /2  4 25 .32
4 d -5 /2  6 24.37
5 s - l / 2  2 10 .73
5 p - l / 2  1 4 .8 5
5 .78*




[Kr] + [Kr] + [Xe] +
4d-3 /2 4 33.13 4 d -3 /2 4 41 .59 5 d -3 /2 4 12.17
4d-5 /2 6 31.99 4 d-5 /2 6 40.24 5d-5 /2 6 10.44
S s-1 /2 2 13.18 S s-1 /2 2 15.76 6 s - l / 2 1 8.32
5 p - l /2 2 6.13 Sp-1/2 2 7.61 9.22*
7.34* Sp-3/2 1 6 .90
8.64*
*experim en ta l  f i r s t  i o n i z a t i o n  p o t e n t i a l  [eV).
were bound t o  t h e  im p u r i ty  w ith  an energy  o f  l e s s  th a n  10 .5  - 13 .5  
eV. Upon becoming a p a r t  o f  th e  a l l o y  c o n d u c t io n  band t h e  im p u r i ty  
e l e c t r o n  le a v e s  a charge  t o  be sc ree n ed  a t  t h e  im p u r i ty  s i t e  and i t  
i s  t h i s  c h a rg e  r e l a t i v e  t o  t h e  one e l e c t r o n  p e r  atom o f  gold  t h a t
i s  used  in  t h e  F r ie d e l  sum r u l e .  From th e  f r e e  atom b in d in g  e n e r g ie s
o f  Table  6 we would th u s  su g g es t  t h a t  a l l  e l e c t r o n s  r e p o r te d  (o th e r  
th a n  th e  n o b le  gas co re )  become p a r t  o f  t h e  c o n d u c t io n  band i f  th e y  
a r e  o th e r  th a n  th e  3d o r  4d c lo se d  s h e l l  in  a cco rd an ce  w ith  common 
l i t e r a t u r e  p r a c t i c e .  I t  i s  t ro u b leso m e , however, t h a t  t h e  3d o r  4d 
e n e r g ie s  o f  t h e  c lo se d  s h e l l s  fo r  Cu, Zn, Ag, and Cd l i e  d a n g e ro u s ly  
c lo s e  o r  below t h i s  c u t o f f  number o f  ^  15 eV. I f  we were to  choose 
AZ = 10 f o r  Cu f o r  example and a l lo w  a l l  o f  t h e  3d e l e c t r o n s  o f  t h e
Cu im p u r i ty  t o  become a  p a r t  o f  t h e  AuCu c o n d u c t io n  band we would 
need to  s c re e n  t h e  b a re  io n  w ith  10 e l e c t r o n s .  Presum ably t h e s e  10 
e l e c t r o n s  which ta k e  p a r t  i n  th e  s c r e e n in g  p ro c e s s  would have  
dom inan tly  d c h a r a c t e r  and would g iv e  an answer c o n s i s t e n t  w ith  
AZ = 0 chosen  f o r  our e v a lu a t io n s .
In  c o n c lu s io n ,  we show in  F ig u re  23 th e  t o t a l  s ,  p and d s c a t t e r e d  
e l e c t r o n i c  c h a rg e  fo r  a l l  im p u r i t i e s  s tu d i e d .  S in ce  our isom er s h i f t  
measurements a r e  made r e l a t i v e  to  p u re  go ld  we shou ld  remember t h a t  
th e  r e s u l t s  i n  F igure  23 a r e  g iven  r e l a t i v e  to  t h e  e l e c t r o n i c  a n g u la r  
momentum c h a r a c t e r  o f  th e  c o n d u c t io n  band o f  p u re  g o ld .  As in d ic a t e d  
in  th e  f i g u r e ,  th e  n e t  s ,  p and d ty p e s  o f  c h a rg e  a r e  found ro u g h ly  
c o n s i s t e n t  w i th  expected  v a lu e s  f o r  a f r e e  atom o f  th e  im p u r i ty .
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F ig .  23. E l e c t r o n  c o n f i g u r a t i o n  c o r re s p o n d in g  t o  t h e  t o t a l  
s c a t t e r e d  e l e c t r o n i c  ch arg e  f o r  v a r io u s  i m p u r i t i e s  i n  g o ld  w ith  im p u r i ty  
a to m ic  s p in  S chosen  = 0 . The r e s u l t s  a r e  g iven  r e l a t i v e  to  th e  
e l e c t r o n  c o n f i g u r a t i o n  f o r  t h e  c o n d u c t io n  band o f  p u r e  g o ld .  F or com­
p a r i s o n  th e  e l e c t r o n i c  s t a t e s  e x p e c te d  f o r  t h e  im p u r i ty  f r e e  atom a r e  
in c lu d e d .
Cu Zn Go Ge I I i I \
— 4»* 4 s z 4sz 4p( 4sz 4p2
-  J r i i l ______________________________
Ag Cd In Sn S t  
—  5s* 5s2 5s25p1 5s2 5pz 5s2 J
~  1  r t  1
1 1 1 1 1 
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APPENDIX A
ORTHOGONALITY AND ELECTRON CHARGE DENSITY
In  o u r  t r e a t m e n t ,  t h e  t r u e  c o n d u c t io n  band wave f u n c t io n  o f  p u re  
g o ld ,  kC?)* may be a p p ro x im a te ly  w r i t t e n  a s  t h e  k e t ,  |k Au> where
ilc*r
iK ?-(r) 'v Ik. > = Au,k ^  1 Au
iit*
f o r  r  < a .
(A -l)
,u .  ^C a)  ,
Au>k ^
f o r  r  o u t s i d e  o f  
m u f f i n - t i n s .
Here a  i s  t h e  g o ld  m u f f i n - t i n  r a d i u s ,  l i k e w i s e  t h e  t r u e  c o r e  wave 
f u n c t i o n  4»Au a (r ) s h a l l  be  a p p ro x im a ted  by  t h e  k e t  where
a ,  >, f o r  r  < a .  1 Au
(A-2)
0, f o r  r  o u t s i d e  o f  m u f f i n - t i n s .
We s h a l l  suppose  t h a t  t h e  i n d i v i d u a l  |a  .> a s  w e l l  a s  t h e  f u n c t io n  
^  *»m, j
^  -—-
UAu ^ have  b een  c o n s t r u c t e d ,  so  t h a t  t h e y  a r e  m u tu a l ly
o r th o g o n a l ;  i . e .  <ct^ lJ|lcAll> = th u s  t h e r e  i s  no need to  o r th o g o n a l i z e  
t h e  1 ^ ^  when com puting  t h e  c o n d u c t io n  band c h a rg e  d e n s i t y .  The ch a rg e  
d e n s i t y  a t  some p o i n t  may b e  w r i t t e n  w i t h i n  o u r  a p p ro x im a t io n  as
I'K Y’C r ) !2 ^  <k . Ik. >,yA u,k 'V Au1 Au CA-3)
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For an Au-B a l l o y  we s h a l l  assume t h a t  th e  t r u e  conduction  band wave
39
f u n c t io n ,  ^a ] j 0y t i^e form
♦ a l l o y 5 fl '  P)lkalloy> =
= Cl - P) u . £ ( a ) —  , 
* &
fo r  r  < a in  a gold atom.
f o r  r  o u ts id e  o f  m u f f in - t in s .
.uAu t Ca3 +  H
 5 u £ ( r ) —  » f o r  r  < a in  a B atom. fA-4)
u J U )  B’k M
where I s  pseudo wave f u n c t io n .  The p r o j e c t i o n  o p e ra to r
P = I l a a j i 0y><ct3 n o y 1 ^  p r o j e c t s  th e  pseudo wave f u n c t io n  |lca ]_j0y>
onto  th e  co re  s t a t e s  and hence fl -  P) |k  , ,  > i s  o r thogona l to  th ea l lo y
c o re  s t a t e s  a t  every  p o in t  i n  th e  a l l o y .  The t r u e  c o re  wave fu n c t io n s  
i^aHoy 0 s h a l l  i n  a s i m i l a r  manner be approxim ated by
^ 1 1  Cr) ^  I a  , ,  > =a l l o y , a  1 a l l o y
|a ^ u >, f o r  r  < a in  a  gold  atom.
0, fo r  r  o u t s id e  th e  m u f f in - t i n s .
|a  >, f o r  r  < a  in  a B atom.B CA-SJ
For convenience  we s h a l l  c o n s t r u c t  (j>^  to  be o f  th e  form
IX* T? SC(e + ( r ) ) .  T h e re fo re ,  th e  charge  d e n s i ty  a t  a  p o in t  w i th in  a
K
gold atom in  an a l l o y  may be w r i t t e n  w i th in  our model as
U  . .  <k . .  Ik > - <k . .  | P | k  ... s1 a l l o y , k  ' "u a l l o y 1 a l l o y  a l l o y 1 1 a l l o y
'i<llalloylP*lki1llo / + <\lloylp*plkalloy>- ^
o r
a
U  . .  i K r ) |  = < k 11 | k 11 > - <k ... j p | k ni >,  (A-7)1 a l l o y , k  1 a l l o y 1 a l l o y  a l l o y 1 1 a l l o y
because o f  th e  indem potent n a tu r e  o f  th e  p r o j e c t i o n  o p e ra to r .
The f r a c t i o n a l  change in  charge  d e n s i t y  a t  some r a d iu s  r  and f o r  
some wave number i s  th u s  g iven  by
<k „  k  . .  > - <k. k. > - <k . .  P k >a l l o y 1 a l l o y ______ Au1 Au______ a l l o y 1 1 a l l o y
'U
'V f
< k k  > Au1 Au
i . e .  Ap^Cr)/p^u d i f f e r s  from th e  pseudo charge  d e n s i t y  o n ly
w ith in  t h e  term  <k IPIk . .  >/<k. |k .  >.a l l o y 1 1 a l l o y  Au1 Au
I t  i s  a l s o  c o n v en ien t  a t  t h i s  p o in t  to  w r i te  l c^a n 0y> = l ^ u >
+ |k  > w i th in  a  go ld  atom where |k  > = u , T h e re fo re ,
SC SC A ll| K X
t h e  term  <k , .  [Plk >/ <k. |k .  > w i th in  a  gold  atom may be w r i t t e n  £ a l l o y ’ 1 a l l o y  Au1 Au 6 1
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<ka l l o y ^ P l ka I l o y >
<1:A u l kAu>
= ■<kA u l P l liAn> * <kA u l P l k s c > * + <ltSc l P l k s c >
< k .  l k A »Au1 Au
<k IPIk >= s c 1 1 sc
<k.  Ik.  >Au1 Au
7<k l a .  ><a. Ik >L s c 1 Au Au1 sc _ a_____________________
^ A u ^ A u "  <A- 9 >
T h e re  a r e  s e v e r a l  r e a s o n s  f o r  b e l i e v i n g  t h i s  te rm  to  be s m a l l ,  
sc(a )  <f>£ ( r )  r e p r e s e n t s  t h e  s c a t t e r e d  pseudo wave f u n c t io n  e v a lu a te d
* i kw i t h i n  a g o ld  atom when a  p la n e  wave e  i s  i n c i d e n t  upon a
p s e u d o p o t e n t i a l  a t  an im p u r i ty  atom s i t e  w i th in  an  a l l o y .  The
a m p l i tu d e  o f  t h i s  s c a t t e r e d  wave f u n c t i o n  i s  z e ro  f o r  k = 0 and we
hav e  found t h a t  when i n t e g r a t e d  ov e r  a f r e e  e l e c t r o n  c o n d u c t io n  band
y i e l d s  a c h a r g e  d e n s i t y  d i f f e r i n g  from a  p la n e  wave ch a rg e  d e n s i t y
< C^A u^A u> ^  ^  a t  mos't  when e v a lu a te d  u n d e r  t h e  w o rs t  r e a s o n a b le
c i r c u m s ta n c e s  ( a t  t h e  n e a r e s t  n e ig h b o r  t o  an im p u r i ty  atom , and f o r  a
s c a t t e r i n g  s q u a re  w e ll  d e p th  o f  ^  50 e V. ) .  (b) u i s
A U  y  Q
I SCa^u > and t h u s  i f  (k) i s  o f  
lo n g  w av e le n g th  fas  i t  i s  n e a r  t h e  b o ttom  o f  t h e  c o n d u c t io n  band)
S C ^
uAu o^r ^ k  w i l l  a l s o  te n d  to  be  o r th o g o n a l  to  t h e  c o r e  s t a t e s
lot .  > .1 Au
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These ap p ro x im a tio n s  canno t be  p r e c i s e l y  s u b s t a n t i a t e d  w i th in  ou r  
p r e s e n t  t h e o r e t i c a l  codes  but we in te n d  to  pu rsue  them a s  a f u tu r e  
c o u rs e  o f  s tu d y .
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